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ABSTRACT 


The  uptake  and  distribution  of  labelled  serotonin  was  studied 

at  different  time  intervals  in  the  thyroid,  adrenal,  lung,  liver,  spleen,  kidney 

and  plasma  of  the  rat  after  intravenous  administration.  The  tissues  were  also 

analysed  for  their  concentration  of  labelled  metabolites.  A  rapid  and  high  up- 

14 

take  of  the  C  labelled  serotonin  occurred  in  the  thyroid,  adrenal  and  lung, 

whereas  in  the  spleen,  the  amine  was  taken  up  more  slowly  but  reached  much 

higher  levels.  Reserpine,  imipramine,  cocaine,  phenelzine,  alpha  methyldopa, 

guanethidine  and  LSD,  infected  intraperitonea  I  ly  at  specific  times  before  the 

14 

amine,  were  examined  for  their  effects  on  the  tissue  concentrations  of  the  C 
labelled  serotonin  and  metabolites.  Reserpine,  cocaine,  imipramine,  guan¬ 
ethidine  and  LSD  were  found  to  reduce  the  concentration  of  the  labelled  amine 
in  most  tissues.  Phenelzine  markedly  reduced  the  concentration  of  labelled 
metabolites  in  all  tissues,  but  caused  no  elevation  of  the  labelled  amine  in  the 
lung  and  adrenal.  Alpha  methyldopa  had  no  effect.  The  high  uptake  of  the 
radioactive  serotonin  into  the  adrenal  gland  was  considered  to  be  of  particular 
significance  since  no  endogenous  serotonin  could  be  detected.  The  physio¬ 
logical  significance  of  serotonin  as  a  neurochemical  transmitter  is  discussed. 
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Serotonin  is  one  of  the  important  biogenic  amines,  together 
with  the  catecholamines,  adrenaline,  noradrenaline  and  dopamine.  Nora¬ 
drenaline  has  been  the  subject  of  extensive  study  in  its  role  as  a  transmitter 
at  the  postganglionic  sympathetic  nerve  ending.  There  now  exists  a  con¬ 
siderable  understanding  of  the  synthesis,  uptake,  storage,  release  and  in¬ 
activation  of  noradrenaline.  Apart  from  the  hypothesis  of  a  cholinergic 
sympathetic  nerve  ending,the  role  of  noradrenaline  in  this  capacity  is  now 
accepted.  Many  drugs  have  been  studied  for  their  effects  on  the  uptake  and 
release  of  noradrenaline  and  how  such  changes  influence  peripheral  sympathetic 
transmission . 


Serotonin  is  a  monoamine  with  an  indole  nucleus,  and  al¬ 
though  it  is  found  in  many  tissues,  its  function  has  not  been  clearly  elucidated. 
It  is  found  in  the  gastro-intestinal  tract,  lung,  liver,  spleen,  platelets,  and 
the  tissue  mast  cells  of  rats  and  mice.  Serotonin,  noradrenaline  and  dopamine 
are  also  found  in  the  central  nervous  system,  and  over  the  last  few  years, 
evidence  has  accumulated  which  suggests  that  serotoninergic,  noradrenergic 
and  dopaminergic  fibres  may  exist.  This  evidence  is  largely  indirect  and  re¬ 
flects  the  difficulty  of  providing  direct  proof  of  a  transmitter  function  for 
these  amines  in  the  brain.  Using  radioactive  serotonin  it  is  possible  to  study 
the  influence  of  many  drugs  on  the  uptake  of  the  amine.  In  this  work  the  up¬ 
take  of  radioactive  serotonin  in  various  tissues  of  the  rat  is  studied  and  the  in¬ 
fluence  of  various  drugs  on  this  uptake  examined.  Uptake  in  the  tissues  by  the 
mast  cells  and  platelets  is  considered,  and  it  is  suggested  that  some  of  the  in¬ 
jected  serotonin  may  be  taken  up  into  adrenergic  storage  granules  and  act  as 
a  false  neurochemical  transmitter. 
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1  .  Historical 

For  nearly  a  century,  it  had  been  known  that  the  vascular  re¬ 
sistance  of  dog  muscle  was  increased  on  perfusion  of  the  hind  limb  with  defibri- 
nated  blood.  This  effect  was  thought  to  be  due  to  a  vasoconstrictor  substance 
called  "vasotonin"  or"thrombotonin"  which  appeared  in  blood  after  clotting. 

In  1948,  Rapport,  Green  and  Page  (1  ^ 2) during  studies  on  possible  causative 
agents  of  hypertension,  isolated  a  crystalline  complex  from  beef  serum.  In 
the  following  year.  Rapport  (3)  chemically  identified  the  material,  which  they 
had  named  "serotonin",  as  the  creatinine  sulphate  monohydrate  complex  of 
5-hydroxytryptamine.  The  structure  was  confirmed  by  total  synthesis  of 
5-hydroxytryptamine  by  Hamlin  and  Fisher  in  1951  (4).  An  ethylamine  side 
chain  was  added  to  5-benzy loxyindole  and  the  final  product  was  found  to  be 
identical  to  the  natural  serotonin. 

Meanwhile,  quite  independently  in  Italy,  Erspamer  was  in¬ 
volved  in  extracting  and  characterising  the  material  which  imparted  the  pe¬ 
culiar  histochemical  properties  to  the  enterochromaffin  cells  of  the  gastro¬ 
intestinal  mucosa.  By  a  series  of  colour  reactions  and  pharmacological  tests, 
he  concluded  that  this  material,  to  which  he  gave  the  name  "enteramine", 
was  not  adrenaline  but  probably  an  indolealky lamine  (5).  Erspamer  studied 
the  occurrence,  distribution  and  pharmacological  properties  of  enteramine, 
and  when  synthetic  5-hydroxytryptamine  became  available,  Erspamer  and 
Asero  (6)  showed  that  enteramine  had  identical  properties  to  those  of  serotonin. 
The  recognition  of  enteramine  and  serotonin  as  the  same  substance  initiated 
widespread  interest  in  this  amine.  Its  subsequent  discovery  in  the 
brain  (19,35)  added  a  tremendous  impetus  to  research  which  is  continuing  to 
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clarify  the  function  of  this  amine  in  the  central  nervous  system. 


2.  General  Considerations  and  Physiological  Significance  of  Serotonin 

Serotonin  is  a  highly  active  pharmacological  agent  and  its 
widespread  occurrence  in  both  the  plant  and  animal  kingdoms  has  led  to  much 
speculation  as  to  its  physiological  significance.  However,  since  its  isolation 
in  1948,  no  definitive  role  has  been  ascribed  to  its  presence.  It  should  be 
remembered  that  histamine,  which  is  also  a  highly  active  amine  has  not  been 
shown  to  serve  any  essential  function  after  forty  years  of  investigation.  Sero¬ 
tonin  has  been  implicated  in  the  control  of  gastro-  intestine  I  motility  (7), 
anaphylaxis  (8),  thrombus  formation  (9),  control  of  vascular  tone  (10),  and 
the  regulation  of  kidney  function  (11).  The  most  challenging  proposition  at 
the  present  time  is  to  establish  a  neurochemical  transmitter  role  for  serotonin 
in  the  central  nervous  system  (12). 

3.  Occurrence  and  Distribution  of  Serotonin 

Serotonin  is  widely  distributed  in  the  plant  and  animal  king¬ 
doms.  The  significance  of  serotonin  and  other  indoles  in  plants  is  not  fully 
known  although  they  may  be  concerned  with  the  production  of  important  plant 
growth  substances  and  pigment  formation.  Serotonin  is  found  in  many  fruits, 
notably  tomatoes  and  bananas,  and  ingestion  of  the  latter  causes  marked 
changes  in  the  urinary  excretion  pattern  of  the  amine  (13).  Serotonin  is 
found  in  invertebrates  with  large  quantities  in  the  venom  of  some  molluscs, 
scorpions,  insects  and  coelenterates  (15).  The  amine  has  also  been  found  in 
the  ganglia  and  peripheral  nerves  of  all  molluscs  examined,  and  its  location 
in  a  granular  fraction  and  the  changes  induced  by  drugs  have  indicated  that 
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the  amine  may  act  as  a  neurochemical  transmitter  substance  for  these 
species  (15). 


A  large  proportion  of  the  serotonin  present  in  mammalian 
species  is  found  in  the  gastro- intestinal  tract  where  it  is  thought  to  be  stored 
in  the  enter©" chromaffin  cell  system.  These  cells  are  found  in  the  mucosa  of 
the  intestinal  tract  and  the  ducts  of  associated  secretory  organs,  and  they  show 
chromaffinity  and  argentaffimity  as  characteristic  histochemical  reactions.  The 
fact  that  these  cells  are  capable  of  synthesising  serotonin  has  come  from  the 
studies  on  carcinoidosis  (16).  The  serotonin  is  stored  in  the  entero- chromaffin 
cells  in  a  granular  fraction  which  is  rich  in  ATP,  the  molar  ratio  of  5-HT/ATP 
being  2.6  (17). 

Serotonin  is  found  in  the  blood  where  the  majority  is  contained 
in  an  inactive  form  in  the  platelets  as  first  shown  by  Rand  and  Reid  (18).  The 
platelet  serotonin,  which  is  thought  to  be  of  intestinal  origin,  is  stored  in  par¬ 
ticles  where  it  is  protected  from  degradation  by  the  platelet  AAAO.  It  has 
proved  difficult  to  establish  with  certainty  the  existence  of  free  serotonin  in 
the  plasma,  and  many  investigators  believe  that  the  plasma  levels  recorded 
are  artifacts  due  to  the  disruption  of  the  platelets  during  collection  and  pre¬ 
paration  (19).  Crawford,  however,  claims  that  he  has  been  able  to  detect  low 
levels  of  circulating  serotonin  (20). 

Benditt,  Wong,  Arose  and  Roeper  (21)  first  showed  that  mast 
cells  contained  serotonin  in  1955.  This  occurs  in  rat  and  mouse  mast  cells  and 
not  in  other  species.  The  serotonin  is  stored  together  with  histamine  and  heparin 
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in  the  mast  cell  in  specialised  granules  which  can  be  separated  from  mito¬ 
chondria  and  other  intracellular  particles  (22).  Since  mast  cells  are  widely 
distributed,  it  would  be  expected  that  all  parenchymatous  tissue  would  con¬ 
tain  some  serotonin  according  to  the  mast  cell  population.  However,  Parratt 
and  West  (23,24)  found  that  not  all  of  the  skin  serotonin  was  in  the  mast  cells. 
These  results  have  been  confirmed  by  Smith  and  Lewis  (25)  using  a  mast  cell 
anti-serum.  No  reduction  in  the  skin  serotonin  occurred  when  the  histamine 
content  and  the  mast  cell  population  were  much  reduced. 

The  distribution  of  endogenous  serotonin  has  been  reviewed 
by  Erspamer  (14).  Low  concentrations  of  serotonin  are  found  in  the  liver,  but 
in  the  lung  somewhat  higher  concentrations  exist.  The  lung  also  possesses  high 
monoamine  oxidase  activity  which  may  be  significant  in  some  of  the  symptoms 
of  the  carcinoid  syndrome  (16).  The  spleen  contains  considerable  quantifies  of 
the  amine  which  has  been  attributed  to  the  platelet  content.  Serotonin  has  also 
been  found  in  the  central  nervous  system  (19,35)  and  its  presence  there  as  a  pos¬ 
sible  neurochemical  transmitter  is  discussed  in  another  section. 

4.  Role  of  Serotonin  in  Peristalsis 

The  distribution  of  large  quantities  of  serotonin  within  the  mucosa 
of  the  alimentary  tract  led  to  the  suggestion  that  the  release  of  serotonin  could 
contribute  to  the  control  of  intestinal  motility.  This  hypothesis  has  been  exten¬ 
sively  studied  by  Bulbring  and  her  colleagues  at  Oxford.  Using  isolated  loops  of 
guinea  pig  and  rabbit  jejenum  if  was  found  that  when  exogenous  5-HT  was  added 
to  the  intraluminal  fluid,  peristalsis  was  induced,  and  a  rise  in  the  intraluminal 
pressure  released  endogenous  serotonin .  The  precursor,  5-hydroxytryptophan 
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(5-HTP)  had  a  similar  effect  which  was  potentiated  by  pyridoxal,  a  cofactor 
for  decarboxylation  (26).  The  release  of  serotonin  also  occurred  with  a  rise 
in  the  intraluminal  pressure  when  the  peristaltic  reflex  was  abolished  in  the 
presence  of  procaine  or  hexamethonium  (26,27).  However,  Bulbring  and 
Crema  (28),  working  with  reserpinised  animals,  and  Boullin  (29),  using  rats 
maintained  on  a  tryptophan-free  diet,  could  still  induce  peristalsis  in  the 
serotonin-depleted  animal.  Hence,  it  does  not  appear  that  serotonin  per  se 
is  necessary  for  peristalsis. 

5.  Role  of  Serotonin  in  Thrombus  Formation 

Hardisty  and  Stacey  demonstrated  that  the  release  of  serotonin 
occurred  during  clotting  (9)  and  suggested  a  role  for  this  amine  in  the  control 
of  coagulation.  Numerous  papers  have  been  published,  some  of  which  support, 
while  others  contradict  this  hypothesis.  Thrombin  has  been  shown  to  act  on 
platelets  to  cause  the  rapid  release  of  serotonin  (30),  but  the  reduction  in 
bleeding  time  observed  in  several  species  on  administration  of  the  amine  can¬ 
not  be  satisfactorily  explained  in  terms  of  a  direct  vasoconstrictor  action  on 
vascular  smooth  muscle  (31).  Large  doses  of  serotonin  have  been  shown  to 
produce  intravascular  thrombi  and  emboli  (32,33). 

6 .  Serotonin  and  the  Carcinoid  Syndrome 

No  clinical  significance  was  attached  to  serotonin  until  it  was 
reported  to  occur  in  the  carcinoid  tumour.  To  quote  Page  (34),  "Serotonin  made 
the  clinician  aware  of  the  fact  that  the  carcinoid  tumour  did,  after  all,  have 
signs  and  symptoms.  Before  serotonin  it  was  considered  to  have  neither."  The 
carcinoid  syndrome  or  carcinoidosis,  is  a  pathological  condition  characterised 
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by  a  neoplastic  proliferation  of  the  enterochomaffin  cells  of  the  intestine. 

There  is  a  large  concentration  of  serotonin  in  the  tumour  cells,  an  increase 
in  blood  and  tissue  serotonin,  and  an  increase  in  the  excretion  of  5-hydroxy- 
indoleacetic  acid  and  other  indoles  in  the  urine.  In  an  extensive  review  of 
the  condition,  Ihorson  (16)  described  the  clinical  symptoms  of  the  condition 
to  include  periodic  flushing  and  cyanosis,  hypotension,  tachycardia,  tachypnoea, 
bronchoconstriction,  colic  and  diarrhoea.  These  symptoms  are  considered  to  be 
due  to  the  release  of  serotonin  from  the  tumour. 

7.  Serotonin  and  the  Central  Nervous  System 

In  1952,  the  presence  of  serotonin  in  the  central  nervous  system 
was  reported  by  Twarog  and  Page  (19),  and  Amin,  Crawford  and  Gaddum  (35). 

Of  great  pharmacological  interest  was  the  observation  (12,36)  that  lysergic 
acid  diethylamide  (LSD),  which  exerts  potent  hallucinogenic  actions  on  the 
centra!  nervous  system,  was  a  serotonin  antagonist  when  tested  peripherally. 

The  postulate  was  advanced  that  serotonin  played  a  vital  role  in  brain  function 
and  that  the  hallucinations  produced  by  LSD  were  due  to  its  anti-serotonin  pro¬ 
perties.  The  hallucinations  were  claimed  to  resemble  the  psychic  disturbances 
of  schizophrenia,  and,  although  this  is  no  longer  accepted,  it  was  the  first  time 
that  an  experimental  psychosis  had  been  induced.  These  observations  initiated 
research  into  the  possible  biochemical  mechanisms  of  mental  illness.  The  hypo- 

t 

thesis  that  deranged  serotonin  metabolism  was  responsible  for  certain  forms  of 
mental  illness  attracted  much  attention  and  is  discussed  in  a  monograph  by 
Woolley  (37). 
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One  of  the  most  widely  studied  of  these  conditions  is  phenylke¬ 
tonuria,  in  inborn  error  of  metabolism,  characterised  by  severe  mental  deficiency. 
Large  quantities  of  pheny  Ipyruvic  acid  are  excreted  in  the  urine  and  the  plasma 
has  high  circulating  levels  of  phenylalanine.  Pare,  Sandler  and  Stacey  (38) 
found  an  associated  disturbance  of  indole  metabolism  with  low  levels  of  5-HT 
(serotonin)  and  5-HIAA  (5-hydroxyindoleacetic  acid)  in  the  urine.  An  experi¬ 
mental  phenylketonuria  has  been  induced  in  rats  fed  on  a  high  phenylalanine 
diet  (39).  The  rats  had  a  reduced  capacity  to  leam  and  showed  the  biochemical 
changes  characteristic  of  the  condition.  The  basic  biochemical  lesion  appears  to 
be  a  failure  of  the  metabolic  step  where  hydroxy  lotion  of  phenylalanine  to  tyro¬ 
sine  occurs,  which  results  in  the  high  plasma  levels  of  phenylalanine,  and  ab¬ 
normal  metabolites  of  which  pheny Ipyruvic  acid  is  the  most  abundant.  These 
results  have  indicated  that  deranged  tryptophan  metabolism  may  be  secondary 
to  the  impairment  of  phenylalanine  metabolism,  but  the  exact  mechanism  by 
which  the  latter  affects  serotonin  levels  has  not  been  elucidated.  Inhibition 
of  the  hydroxylase  and  decarboxylase  systems  has  been  suggested  (40,94). 
Recently,  it  has  been  shown  that  rats  made  phenylketonuria  by  feeding  on  a 
high  phenylalanine  diet  from  birth,  do  not  show  impaired  learning  ability,  if 
sufficient  time  is  allowed  to  elapse  before  testing.  This  indicates  that  the  poor 
performance  of  such  rats  in  earlier  studies  may  have  been  due  to  the  toxic  effects 
of  high  concentrations  of  phenylalanine  in  the  tissues.  Hence,  it  has  been  sug¬ 
gested  that  this  condition  in  rats  is  not  a  suitable  model  for  studying  human 
phenylketonuria  (41). 
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8.  Serotonin  and  the  Central  Depressant  Action  of  Reserpine 

Reserpime  and  certain  synthetic  benzoqulnolizine  derivatives 
act  on  the  central  nervous  system  to  produce  a  characteristic  state  of  tranquil¬ 
lity,  which  may  reach  the  stage  of  sleep  but  not  anaesthesia.  Spontaneous  and 
induced  locomotor  activity  are  depressed,  but  there  is  little  loss  of  motor  co¬ 
ordination  ,which  is  in  contract  to  the  action  of  the  classical  sedatives  such  as 
the  barbiturates.  There  is  considerable  species  variation  but  in  general  these 
actions  are  slow  in  onset  and  long-lasting.  In  1955,  Shore,  Silver  and  Brodie 
(42,43)  discovered  that  reserpine  caused  a  marked  fall  In  the  brain  levels  of 
serotonin  with  a  concomitant  rise  in  the  main  urinary  metabolite,  5-HIAA. 

From  these  experiments,  Pletscher,  Shore  and  Brodie  (44,45)  concluded  that 
"reserpine  acts  centrally  through  the  release  of  serotonin"  and  that  "the  primary 
action  of  reserpine  is  to  impair  serotonin  binding  sites  so  that  they  lose,  in  part, 
their  capacity  to  retain  5-HT,  which  remains  in  a  free,  pharmacologically  active 
form  and  presents  to  brain  tissue  a  persistent  low  concentration  of  free  serotonin." 
It  was  then  found  that  reserpine  affected  tissue  levels  of  the  catecholamines  In  a 

k 

similar  manner  to  5-HT,  (46,47).  Other  amines  such  as  dopamine  are  also  de¬ 
pleted,  producing  symptoms  resembling  Parkinson's  syndrome  (48). 

For  the  last  ten  years  much  attention  has  been  focussed  on  which 
and  to  what  extent  these  amines  are  involved  in  brain  function,  and  particularly 
the  depressant  action  of  reserpine.  In  general,  correlation  between  the  pharma¬ 
cological  effects  and  the  brain  amine  levels  has  been  poor.  Brodie  and  his  group 
at  Bethesda  (49)  have  held  tenaciously  to  their  postulate  that  serotonin  is  respon¬ 
sible,  while  the  Scandinavian  group  maintain  that  the  effect  is  correlated  wi  th  the 
depletion  of  noradrenaline  (50).  Although  all  reserpine-type  drugs  which  have  a 
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tranquil  Using  action  do  lower  the  brain  levels  of  serotonin  (51),  much  evidence 
has  accumulated  against  the  original  hypothesis  of  Brodie.  This  has  been  sum¬ 
marised  by  Erspamer  (14).  Most  workers  now  believe  that  it  is  a  lack,  rather 
than  an  excess,  of  free  physiologically  active  amines  that  may  be  correlated 
with  the  action  of  reserpine  (14), 

Further  studies  to  elucidate  the  mechanism  of  action  of  reserpine 
have  been  obtained  from  investigations  on  the  interactions  of  reserpine  with  other 
drugs.  Chessin,  Kramer  and  Scott  (52)  found  that  if  a  monoamine  oxidase  in¬ 
hibitor  was  adm  inistered  before  reserpine  the  depression  was  often  reversed  and 
frequently  produced  central  excitation.  This  effect  was  thought  to  be  due  to  an 
excess  of  free  monoamines  caused  by  the  simultaneous  block  of  oxidative  deami¬ 
nation  and  storage.  However,  Brodie,  Pletscher  and  Shore  (53)  have  shown  that 
monoamine  oxidase  inhibitors  partially  prevent  the  depletion  of  brain  amines  by 
reserpine;  the  excess  free  amines  competing  with  reserpine  for  the  receptor  sites 
of  the  storage  mechanism.  The  levels  of  brain  amines  have  also  been  elevated 
by  the  use  of  precursors.  The  amines  themselves  do  not  cross  the  blood-brain 
barrier  but  5-HTP  (54)  and  DOPA  (55)  have  been  used  which  readily  pass  into 
the  brain  where  they  are  metabolised  to  serotonin  and  dopamine  respectively. 

The  central  effects  are  prevented  by  decarboxylase  inhibitors,  and  potentiated 
by  monoamine  oxidase  inhibitors  or  catechol-O-methy I  transferase  inhibitors 
in  the  case  of  DOPA.  Carlsson,  Lindqvist  and  Magnusson  (55)  have  shown  that 
the  accumulation  of  dopamine  from  DOPA  in  the  brain  of  a  reserpine-treated 
animal  markedly  alleviated  the  reserpine  syndrome.  On  the  other  hand,  5-HTP 
did  not  reverse  the  reserpine  syndrome  which  tends  to  refute  Brodie's  hypothesis. 
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Since  DOPA  is  converted  to  dopamine  and  then  noradrenaline  the  question  has 
been  raised  as  to  which  of  these  amines  is  responsible  for  the  reserpine  reversal. 
Experiments  with  DOPS  (dihydroxypheny Iserine),  which  is  decarboxy lated  di¬ 
rectly  to  noradrenaline/  have  indicated  to  Carlsson  (64)  that  the  reserpine  re¬ 
versal  is  due  mainly  to  noradrenaline.  The  use  of  precursors  to  study  the  central 
effects  of  these  amines  has  been  criticised  on  the  grounds  that  they  may  be  meta¬ 
bolised  to  active  amines  in  parts  of  the  brain  where  they  do  not  normally  occur. 
Also,  recent  studies  by  Green  and  Sawyer  (57)  have  shown  that  the  increase  in 
brain  serotonin  produced  by  inhibition  of  monoamine  oxidase  differs  biochemically 
and  pharmacologically  from  an  increase  induced  by  5-HTP. 

Selective  depleting  agents  have  been  used  to  lower  either  sero¬ 
tonin  or  noradrenaline  levels  to  indicate  which  of  the  amines  is  involved  in  the 
action  of  reserpine.  Alpha  methyldopa  and  alpha-methyl-meta-tyrosine  (q;MMT) 
were  introduced  as  hypotensive  agents  on  the  basis  of  their  ability  to  inhibit  the 
decarboxylase  enzymes  in  vitro.  Costa,  Gessa,  Hirsch,  Kuntzman  and  Brodie  (60) 
found  that  c(MMT  produced  a  transient  fall  in  brain  serotonin  and  a  persistent  fall 
in  the  noradrenaline  level.  Very  little  sedation  occurred.  The  dopamine  levels 
returned  to  normal  before  the  noradrenaline,  indicating  that  other  factors  were 
involved  besides  decarboxylase  inhibition.  Further  studies  by  Carlsson  and 
Lindqvist  (59)  indicated  that  the  transient  fall  in  the  levels  of  serotonin  and 
dopamine  by  these  drugs  could  be  due  to  decarboxylase  inhibition,  whereas  the 
prolonged  fall  in  the  noradrenaline  level  was  probably  due  to  displacement  by 
the  beta  hydroxy  lated,  decarboxy  lated  derivatives  of  the  alpha  methyl  aromatic 
amino  acids.  It  has  been  suggested  that  these  derivatives  are  stored  in  the  nora¬ 
drenaline  storage  sites  and  can  be  released  by  sympathetic  nerve  activity  and  act 
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as  false  neurochemical  transmitters  (56).  Although  animals  treated  with  these 
drugs  did  not  show  signs  of  depression  with  the  lowered  noradrenaline  levels, 
sedation  did  occur  with  a  fall  in  serotonin  levels  following  the  administration 
of  reserpine  (60).  Recently,  the  chlorinated  ar/lalkylamines  have  been  shown 
to  produce  a  selective  and  unusual  type  of  serotonin  depletion  but  this  has  not 
yet  been  correlated  with  behavioural  changes  (61,62).  The  role  of  serotonin 
in  the  action  of  reserpine  i  s  far  from  unequivocal  since  it  has  been  shown  that 
sedation  can  be  induced  by  reserpine  in  a  serotonin  depleted  animal  which  had 
been  maintained  on  a  try potphanr free  diet  (63). 

The  above  discussion  indicates  that  although  there  is  no  close 
correlation  between  the  levels  of  brain  amines  and  the  pharmacological  effects 
of  reserpine,  it  would  be  equally  wrong  to  suggest  that  there  is  no  correlation 
between  the  two  phenomena  (64).  Even  though  the  mechanism  of  action  of  the 
tranquillizing  and  other  centrally  acting  drugs  has  not  been  fully  elucidated, 
the  abundant  research  in  this  area  has  provided  some  information  on  the  possible 
significance  of  serotonin  in  the  central  nervous  system.  Gross  analysis  of  the 
total  brain  serotonin  does  not  take  into  account  the  changes  in  the  amine  con¬ 
centration  of  small  groups  of  nerve  fibres,  and  Carlsson  *  has  pointed  out 
that  "future  attempts  to  correlate  monoamine  levels  with  functional  changes 
caused  by  reserpine  will  therefore  probably  require  the  combined  chemical  and 
histochemical  approach".  Other  approaches  to  establishing  a  transmitter  role 
for  serotonin  include  studies  of  the  subcellular  distribution  in  the  central  nervous 
system,  effect  of  lesions  in  certain  areas  of  the  brain,  the  demonstration  of  direct 
release  of  the  amine  from  neural  structures  and  the  histochemical  fluorescence 
studies. 

*  personal  communication 
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9.  Studies  on  the  Subceiiuiar  Distribution  of  Serotonin 

For  a  substance  to  act  as  a  chemical  transmitter,  a  basic  require¬ 
ment  is  that  it  should  be  stored  in  an  inactive  bound  state  at  the  nerve  ending  from 
which  it  can  be  released  by  the  passage  of  a  nerve  impulse.  Studies  on  the  bound/ 
free  ratio  of  cerebral  serotonin  have  been  made  to  see  if  changes  induced  by  drugs 
can  be  correlated  with  the  behavioural  response.  By  differential  centrifugation 
on  rat  brain  homogenates,  Giarman  and  Schanberg  (65)  found  approximately  two- 
thirds  of  the  serotonin  tc  be  in  the  granules.  Reserpine  caused  a  decrease  in  the 
particulate  content,  while  iproniazid  produced  an  increase  in  both  fractions. 

These  results  have  been  corroborated  by  Green  and  Sawyer  (66).  These  workers 
have  found  that  the  granules  lose  a  large  proportion  of  their  serotonin  on  centri¬ 
fugation  and  re-suspension  which  may  explain  the  high  values  observed  in  the 
supernatant.  Michaelson  and  Whittaker  (67)  found  that  the  endogenous  serotonin 
occurred  principally  in  a  subceiiuiar  fraction  consisting  largely  of  "pinched-off 
nerve  endings"  (NEPs).  Their  fraction  was  prepared  by  equilibrium  density  gradient 
centrifugation  of  a  crude  mitochondrial  extract.  Acetylcholine  is  stored  in  similar 
particles,  but  whereas  the  latter  are  in  the  smaller  NEP's,  the  serotonin  was  found 
to  be  in  the  larger,  denser  NEP's.  In  contrast,  exogenous  5-HT-C^  uptake 
studies  in  subceiiuiar  fractions  of  rat  brain  homogenate  by  Gillis,  Giarman  and 
Freedman  (68)  indicated  that  the  amine  was  taken  up  into  the  microsomal  fraction. 
Other  reports  (69)  have  shown  that  both  the  nerve  ending  particles  and  the  micro¬ 
somal  fraction  were  capable  of  taking  up  serotonin.  The  nature  of  the  binding  was 
also  examined  and  found  to  be  of  a  non-specific  ion-exchange  nature.  This  in¬ 
dicates  that  the  uptake  of  exogenous  serotonin  does  not  reflect  the  distribution  of 
the  endogenous  amine  and  could  explain  the  contradictory  reports. 
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10.  Effects  of  Brain  Lesions  on  the  Serotonin  Levels  of  the  Brain 

Serotonin  occurs  in  highest  concentration  in  the  brain  in  a  core 
of  tissue  extending  from  the  limbic  areas  of  the  telencephalon  and  caudate  nucleus 
through  the  hypothalamus  and  central  brain  stem.  In  spite  of  considerable  evidence 
for  a  transmitter  role  for  serotonin,  no  specific  anatomical  structure  had  been  shown 
to  be  serotoninergic .  Heller,  Harvey  and  Moore  (70),  however,  in  1962  found 
that  bilateral  destruction  of  the  medial  forebrain  bundle,  or  ablation  of  areas 
known  to  contribute  fibres  to  that  tract,  in  the  lateral  hypothalamus,  caused  a 
significant  decrease  in  the  total  brain  serotonin  of  the  rat.  Unilateral  lesions 
produced  a  similar  reduction  of  brain  serotonin,  but  only  on  the  side  where  the 
lesion  was  placed.  Histological  studies  showed  that  the  time  course  of  the  de¬ 
crease  in  brain  serotonin  following  the  lesions  closely  paralleled  the  appearance 
of  degenerating  axons  in  the  tract  (71). 

These  investigators  have  also  shown  that  such  lesions  are  capable 
of  lowering  the  levels  of  other  brain  monoamines,  notably  noradrenaline  (72). 

It  was  then  significant  to  show  whether  certain  lesions  were  selective  in  de¬ 
pleting  one  amine  and  not  the  other.  Heller  and  Moore  (73)  demonstrated  that 
some  lesions  selectively  reduced  either  serotonin  or  noradrenaline  levels,  while 
other  lesions  reduced  both  amines  or  had  no  effect. 

These  results  have  been  taken  to  indicate  that  the  fall  in  brain 
serotonin  following  lateral  hypothalamic  lesions  was  a  consequence  of  section 
and  degeneration  of  serotonin-producing  neurones  within  the  medial  forebrain 
bundle.  These  effects  are  analogous  to  those  seen  on  section  of  the  pregang¬ 
lionic  fibres  to  the  superior  cervical  ganglion  when  a  fall  in  acetylcholine 
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occurs  (74),  and  the  decrease  of  noradrenaline  levels  following  section  of 
adrenergic  nerves  (75). 

1 1  .  Release  of  Serotonin  by  Direct  Stimulation  of  Neural  Tissue 

In  the  classical  studies  of  Loewi,  Cannon  and  Dale  on  humoral 
transmission,  one  of  the  criteria  for  a  substance  to  act  as  a  chemical  transmitter 
was  the  demonstration  of  its  release  by  nerve  activity.  Anden,  Carlsson,  Hi  Harp 
and  Magnusson  (76)  have  demonstrated  the  release  of  serotonin  into  the  surrounding 
Ringer  solution  on  electrical  stimulation  of  isolated  spinal  cords  of  mouse  and  frog. 
A  similar  release  has  been  demonstrated  for  noradrenaline  (77).  Agents  which  in¬ 
fluence  serotonin  metabolism,  such  as  5-hydroxytryptophan,  reserpine  and  mono¬ 
amine  oxidase  inhibitors,  have  been  found  to  affect  spinal  reflexes  in  a  manner 
consistent  with  the  view  that  serotonin  is  acting  as  a  transmitter  at  the  nerve 
endings  of  certain  descending  nerve  tracts  (78).  This  has  been  further  supported 
by  the  observation  that  after  transection  of  the  spinal  cord  of  rabbits  at  the 
thoracic  four  level  there  was  a  marked  fall  in  the  5-hydroxyindoleacetic  acid 
levels  in  the  distal  neural  tissue  (79).  Anden  (80)  has  studied  the  noradrenaline 
and  serotonin  contents  of  the  spinal  cord  at  different  levels,  and  found  that  there 
was  a  close  parallel  between  the  amine  content  and  the  amounts  of  grey  matter. 

12 .  Histochemical  Fluorescence  Studies 

Some  of  the  most  direct  evidence  for  the  transmitter  roles  of 
serotonin  and  noradrenaline  within  the  central  nervous  system  has  come  from  the 
histochemical  fluorescence  studies  pioneered  by  Falck  (81).  The  method  is  based 
on  the  observation  that  catecholamines,  in  the  presence  of  dry  protein  will  com¬ 
bine  with  formaldehyde  gas  to  give  intensely  fluorescent  products.  The  reaction 
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has  been  thoroughly  studied  with  regard  to  its  chemistry,  histochemistry  and 
specificity  on  model  systems,  and  has  been  found  to  be  reliable  and  reproducible 
under  the  conditions  specified  in  a  recent  publication  of  the  methodology  (82). 
Primary  amines,  e.g.  noradrenaline,  condense  with  the  formaldehyde  gas  and 
then  undergo  a  protein  catalysed  dehydrogenation  to  give  6-7  dihydroxy-3, 
4-dihydroisoquinoline  which  on  activation  at  a  wavelength  of  410  mp,  gives 
a  green  fluorescence  at  480  mp .  By  suitable  modifications  of  the  method, 
noradrenaline,  adrenaline  and  dopamine  can  be  distinguished.  Serotonin  reacts 
in  a  similar  way  to  give  a  carboline  derivative  which  gives  a  yellow  fluorescence 
at  530  mp . 


This  technique  has  been  extensively  used  by  Carlsson  and  his 
colleagues  in  Sweden  to  study  the  cellular  and  sub-cellular  distribution  of  the 
biogenic  amines  in  situ,  particularly  in  the  central  nervous  system.  They  have 
found  that  catecholamines  and  serotonin  are  accumulated  in  high  concentration 
in  synaptic  terminals  belonging  to  special  systems  of  neurones  of  the  hypothalamus  (83), 
and  in  certain  tracts  of  the  spinal  cord  (84). 

Further  studies  by  Dahlstrom  and  Fuxe  (85,86)  have  shown  that  two 
distinctly  different  types  of  neurone  exist,  which  contain  in  their  cell  bodies  either 
a  primary  catecholamine  or  serotonin.  The  cell  bodies  of  these  neurones  appear  to 
be  localised  almost  exclusively  in  the  lower  brain  stem.  The  increase  in  the  fluores¬ 
cence  of  the  cell  body  after  axotomy  has  been  used  by  Falck  (87)  to  map  the 
serotoninergic  and  noradrenergic  tracts  in  the  brain.  Falck  (87)  and  Bartonicek  (88,  89) 
have  studied  the  effect  of  drugs  on  the  fluorescence  intensity,  and  found  a  good 
correlation  with  the  biochemical  changes  produced  by  such  drugs,  e.g.  the  monoamine 


H  »!  •  1 . 

®Ja  >  ’  ‘  -yd  f.orl  bno  labom  no  .\tip.ftioeqa 

i  ;  ■  .  .  i  :  >1  0  -  fi  .  :  ■  \  :■  y 

1. 

•yx:  \!  lb  V-  o  ot  r-c?l  >r .  u  ;by.  >b  scy  ?ri  ...  '9  ■  c{.-r>  OQit’bnu  fi»Hl 

d  :  9 

Nbodt£>ni  adt  anoildoiltborn  sldoliue  yfl  .urn  Q8£  to  aoneoa?  «  rising  o 

1 

.  ’  -TJ  0 

brv  no  A  y  v  y-txe  •  «..•:•*  'h  in  >1  <•>;" 

t  „ 

9vbrl  ysHT  .  m&Uyi  auovien  lorrnaa  sHl  ni  .yholuoitioq  *ulia  ni  aynimo  oin&£ 

*  ■■  .  r  >}■  n-  ■  V".  bCJ 

. 

.  .1 

f  :  .  y  '  •  .  • 

-  t  ■  .  ; 

. 

' 

•  '  -  > :  * l- ’  j 


-  17  - 


oxidase  inhibitor,phenelzine,  was  found  to  produce  a  marked  accumulation  of 
serotonin  in  the  neurone,  while  reserpine  and  tetrabenazine  reduced  the  fluores¬ 
cence  due  to  serotonin  and  noradrenaline.  These  changes  also  correlated  well 
with  the  characteristic  behavioural  effects  of  the  drugs.  This  technique  is  now 
being  used  to  elucidate  the  transmitter  movements  between  intra-  and  extra¬ 
neuronal  compartments  in  the  brain  (90). 

13.  Biosynthesis  of  Serotonin 

It  is  now  generally  accepted  that  L-tryptophan  (L— TP)  is  the 
dietary  precursor  of  serotonin  and  the  other  tryptamines  in  the  body.  However, 
evidence  for  the  primary  conversion  of  L-TP  to  5-HTP  was  largely  circumstantial, 
and  6nly  recently  has  the  existence  of  an  enzyme  capable  of  such  a  conversion 
been  shown  to  exist.  Indirect  evidence  for  this  metabolic  step  is  provided  by 
the  studies  of  Stacey  and  Sullivan  (91),  in  which  animals  maintained  on  a 
tryptophan  deficient  diet  showed  reduced  tissue  levels  of  serotonin,  while  on  a 
tryptophan  supplemented  diet  increased  levels  were  observed.  In  carcinoidosis, 
in  which  there  is  an  enormous  accumulation  of  enterochromaffin  cells,  60%  of 
the  dietary  tryptophan  is  found  in  the  urine  as  5-hydroxyindoles  compared  to  1% 
in  normal  patients  (92). 

Cooper  and  Me  leer  (93)  in  1961  reported  an  ascorbic  acid  de¬ 
pendent  hydroxy lation  by  a  particulate  fraction  of  cells  from  rat  and  guinea  pig 
intestinal  mucosa.  In  the  same  year,  Freedland,  Wadzinski  and  Waisman  (94) 
demonstrated  tryptophan  hydroxylase  activity  in  rat  liver.  Further  studies  on 
this  liver  enzyme  by  Renson,  Weissbach  and  Udenfriend  (95)  showed  that  the  liver 
activity  was  due  to  non-specific  hydroxy  lation  by  phenylalanine  hydroxylase. 
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Administration  of  amethopterin,  ah  inhibitor  of  the  enzyme,  did  not  reduce  the 
levels  of  serotonin,  and  these  workers  concluded  that  the  hepatic  hydroxy lation 
was  probably  of  no  physiological  significance  in  the  synthesis  of  serotonin. 

Recent  studies  by  Gal,  Morgan,  Chatterjee  and  Marshall  (96), 
and  others  (97,98),  have  shown  that  brain  tissue  is  capable  of  hydroxy  lating 
tryptophan.  The  intra-cerebral  injection  of  TP-C^  resulted  in  the  formation  of 

14  . 

5-HT-C  in  rat  and  pigeon  brain  (96).  These  results  have  been  taken  to  indicate 
that  the  brain  synthesises  its  serotonin  from  tryptophan  and  does  not  rely  upon 
extra-cerebral  tissues  for  5-HTP.  Green  and  Sawyer  have  recently  shown  this 
conversion  to  occur  in  vitro  using  rat  brain  homogenates  (99).  They  found  the 
enzyme  to  be  in  the  mitochondrial  fraction  and  the  highest  activity  to  be  in  the 
brain  stem  area.  Effects  of  alpha  methyldopa  and  similar  compounds  have  been 
studied  on  the  liver  enzyme  but  it  is  doubtful  if  this  is  the  true  hydroxy  lating 
enzyme  (100).  On  the  pigeon  brain  enzyme  however.  Gal,  Morgan  and  Marshall 
(101)  found  that  reserpine,  pheny lisopropy Ihydrazine  (PIH)  and  alpha  methyldopa 
did  not  inhibit  the  enzyme  system. 

Schindler  (102)  reported  that  neoplastic  murine  mast  cells  in  culture 
were  capable  of  converting  radioactive  TP  to  5-HT,  and  Hosoda  and  Glick  (103) 
confirmed  these  results  in  the  neoplastic  cell  but  found  no  hydroxylase  activity  in 
the  normal  mast  cell.  The  presence  of  the  enzyme  in  this  tissue  has  provided  a 
useful  model  system  to  investigate  the  biochemical  requirements  of  the  enzyme, 
although  it  is  not  known  whether  it  is  the  same  enzyme  as  that  reported  in  the 
brain .  Pteridines  have  been  found  to  be  necessary  as  cofactors  and  may  be  a 
common  requirement  for  all  hydroxy  lating  systems  (104). 
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The  second  stage  in  the  biosynthesis  of  serotonin  concerns  the 
decarboxylation  of’5-HTP  to  the  active  amine  by  the  enzyme,  5-hydroxytryptophan 
decarboxylase  (5-HTPD).  This  enzyme  has  been  shown  to  act  only  on  the  L  isomer 
and  to  have  no  action  on  other  hydroxy lated  derivatives  of  tryptamine  (105). 
However,  the  absolute  specificity  of  the  enzyme  has  been  questioned  on  several 
occasions.  It  performs  a  very  similar  function  to  that  of  DOPA  decarboxylase 
on  DOPA  in  the  biosynthesis  of  noradrenaline,  and  there  is  now  considerable 
evidence  to  suggest  that  the  two  enzymes  are  identical.  This  evidence  has  been 
reviewed  by  E  rspamer  (14). 

The  enzyme  5-HTPD  is  widely  distributed  in  nature  and  is  found 
in  most  parenchymatous  tissue.  Mammalian  kidney  and  liver  contain  particularly 
high  amounts  in  the  non-particulate  fraction  (106).  In  the  brain,  high  activities 
are  found  in  the  caudate  nucleus  and  the  hypothalamus  and  low  activities  in  the 
cerebral  cortex.  This  distribution  closely  reflects  the  distribution  of  serotonin  in 
the  brain  (107).  Platelets  do  not  contain  the  enzyme  although  they  do  contain 
considerable  quantities  of  the  amine  (108).  That  5-HTPD  does  convert  5-HTP  to 
5-HT  has  been  shown  by  the  studies  referred  to  earlier,  in  which  administration 
of  5-HTP  resulted  in  the  rapid  accumulation  of  5-HT  in  the  tissues  (54).  Because 
of  the  ubiquitous  nature  and  very  rapid  action  of  the  enzyme,  it  is  probable  that 
hydroxy lation  of  tryptophan  is  the  rate  limiting  step  in  the  biosynthesis  of  serotonin. 

In  attempts  to  reduce  the  tissue  levels  of  the  biogenic  amines  by 
blocking  their  synthesis,  inhibitors  of  the  5-HTPD  and  DOPA  decarboxylase  systems 
have  been  extensively  studied.  Alpha  methyldopa  and  alpha-methyl-meta-tyrosine 
were  thought  to  cause  a  reduction  in  amine  levels  by  inhibition  of  the  decarboxylases 
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which  can  be  readily  demonstrated  in  vitro.  However,  this  does  not  appear  to  be 
their  mechanism  of  action  in  vivo.  More  detailed  discussion  is  given  in  the  section 
on  serotonin  and  the  central  action  of  reserpine.  Compounds  referred  to  as  "NSD" 
compounds  are  a  new  class  of  powerful  decarboxylase  inhibitors,  and  again,  al¬ 
though  they  are  potent  inhibitors  of  the  enzyme  in  vitro,  they  do  not  reduce  the 
tissue  amine  levels  in  vivo  (64). 

14.  Metabolism  of  Serotonin 

Serotonin  is  inactivated  mainly  by  oxidative  deamination  by  the 
enzyme,  monoamine  oxidase  (MAO),  to  produce  initially  5-hydroxyindoleacetalde- 
hyde  (5-HIAAI).  The  aldehyde  is  further  oxidised  by  an  aldehyde  dehydrogenase 
system  to  the  main  metabolite,  5-hydroxyindoleacetic  acid  (5-HIAA).  N-acetyl 
serotonin  (NAS)  has  been  reported  in  the  urine  as  a  metabolite  of  serotonin  by 
Mclsaac  and  Page  (109)r  and  Weissbach,  Redfield  and  Lovenberg  (110).  Kveder, 
Iskric  and  Keglevic  (111)  found  5-hydroxytryptophol  (5-HTOH)  to  be  a  metabolite 
and  suggested  that  it  had  been  confused  with  NAS  because  of  the  similarity  in 
chromatographic  properties.  Feldstein  and  Wong  (112)  undertook  to  clarify  the 
issue  and  found  that  rat  liver  homogenate  could  produce  5-HIAAI,  5-HIAA  and 
5-HTOH  on  incubation  with  5-HT.  The  addition  of  nicotinamide  adenine 
dinucleotide  (NAD),  coenzyme  of  aldehyde  dehydrogenase,  increased  the  for¬ 
mation  of  the  5-HIAA,  while  the  addition  of  reduced  NAD  (NADH),  coenzyme 
of  alcohol  dehydrogenase,  promoted  the  formation  of  5-HTOH.  These  authors 
point  out  that  the  significance  of  these  findings  are  not  yet  clear.  Under  normal 
circumstances  little  5-HTOH  would  be  formed  because  of  the  high  concentration 
of  NADH  present,  but  the  production  of  the  alcohol  may  be  important  in  certain 
pathological  conditions. 
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Other  minor  routes  of  metabolism  include  conjugation  with  sul¬ 
phate  or  glucuronate,  and  N-methy lation  which  is  common  in  invertebrates  but 
rare  in  mammals  (113).  Serotonin  has  also  been  reported  to  undergo  oxidation  by 
the  copper-containing  plasma  protein  enzyme,  ceruloplasmin  (114).  Recently 
much  attention  has  been  focussed  on  O-methy lation  by  an  enzyme,  hydroxyindole- 
O-methyl  transferase  (HIOMT),  which  is  found  almost  exclusively  in  the  pineal 
gland  (115).  As  a  result  of  the  action  of  this  enzyme  and  N-acety lation,  mela¬ 
tonin,  N-acety l-5-methoxytryptamine,  is  formed.  The  pineal  gland  also  con¬ 
tains  large  quantities  of  serotonin  and  the  level  of  the  amine  showed  a  distinct 
circadian  rhythm  which  was  modified  by  the  environmental  lighting  (116). 

Ariens  Kappers  (117)  has  suggested  that  melatonin  possesses  hormonal  activity 
in  the  mammal,  and  its  synthesis  by  HOIMT  has  been  shown  to  be  controlled  by 
variations  in  the  level  of  activity  of  the  enzyme  (118). 

The  enzyme  known  as  monoamine  oxidase  is  widely  distributed 
in  nature  and  inhibitor  studies  have  indicated  that  the  properties  of  the  enzyme 
vary  from  tissue  to  tissue  (119,120).  It  is  not  specific  for  serotonin  and  will 
oxidise  most  monoamines.  It  was  at  one  time  considered  to  be  responsible  for  the 
inactivation  of  the  catecholamines,  but  it  has  now  been  shown  that  this  occurs 
initially  by  O-methy  lation  to  give  methylated  derivatives  which  may  subse¬ 
quently  be  deaminated  by  MAO  (121).  Mitochondrial  MAO  is  insoluble  and 
this  has  hindered  investigation  of  its  biochemical  and  kinetic  properties  and 
particularly  its  interaction  with  inhibitors.  Guha  and  Krishna  Murti  (122)  have 
described  the  purification  and  solubilisation  of  MAO  from  rat  liver  mitichondria 
using  ultrasonic  waves.  McEwan  (123)  has  recently  described  the  purification  of 
a  soluble  MAO  from  human  plasma.  Even  though  little  is  known  concerning  the 
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biochemical  properties,  the  pharmacological  consequences  of  inhibition  of  the 
enzyme  have  been  the  subject  of  extensive  study.  This  followed  the  observation 
by  Zeller  in  1952  that  tuberculous  patients  being  treated  with  iproniazid  showed 
symptoms  of  central  stimulation.  In  the  same  year,  iproniazid  was  shown  to  be  a 
potent  inhibitor  of  MAO  (124),  and  this  discovery  led  to  an  investigation  of  the 
anti -depressant  action  of  these  drugs.  The  alkyl  hydrazine  moeity  was  recog¬ 
nised  as  the  part  of  the  molecule  responsible  for  the  activity  and  since  then  a 
large  number  of  compounds  have  been  tested  for  their  ability  to  inhibit  MAO. 
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EXPERIMENTAL  METHODS  AND  MATERIALS 
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1  .  Analysis  of  Labelled  Serotonin  and  Metabolites  in  Tissues 

Cold  70%  ethanol  has  been  used  by  a  number  of  investigators 

(68,125,126)  to  extract  5-HT-C^  du  ring  studies  on  the  uptake  mechanisms  of 

the  amine  using  tissue  slices.  !t  was  considered,  however,  that  this  method  was 

not  sufficiently  specific  for  the  present  work  and  that  the  use  of  a  differential 

extraction  procedure  would  permit  a  more  thorough  study.  To  enable  the  tissue 

levels  of  5-HT  and  its  main  metabolite,  5-HIAA,  to  be  estimated,  the  solvent 

extraction  method  developed  by  Feldstein  and  Wong  (127)  for  the  analysis  of 
14 

5-HTP-C  and  its  metabolites  was  adapted  to  the  present  work.  (The  metabolism 

14  14 

of  5-HTP-C  is  shown  in  Fig.  1).  Since  no  5-HTP-C  was  used  in  the  ex¬ 
periments  reported  in  this  work,  it  was  necessary  only  to  separate  5-HT  from  its 
metabolites.  After  extraction  of  the  metabolites  with  ether  from  an  acid  homo¬ 
genate,  the  5-HT  was  extracted  with  butanol  as  used  in  the  procedure  described 
by  Bogdanski,  Pletscher,  Brodie  and  Udenfriend  (128)  for  the  spectro  phot.of  luori- 
metric  assay  of  serotonin. 

2.  Animals 

The  animals  used  were  male  Sprague- Daw  ley  rats,  weighing 
approximately  150  g.  They  were  maintained  on  a  diet  of  Purina  Labena  rat  food 
and  tap  water,  and  food  but  not  water  was  removed  from  the  cage  12  hours  be¬ 


fore  sacrifice. 
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Fig.  1 


Scheme  of  the  metabolism  of  5-hydroxytryptophan. 
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3.  Reagents 

Analytical  reagent  grade  diethyl  ether  was  stored  over  a  saturated 
solution  of  sodium  sulphite  in  order  to  remove  peroxides  which  interfere  with  the 
extraction  (129).  Primary  butanol  (A.R.  grade)  was  stored  over  sodium  chloride  to 
prevent  any  volume  changes  from  occurring  during  extraction  from  the  salt-saturated 
homogenate.  Butanol  and  heptane  used  in  the  extraction  for  the  spectrophoto- 
fluorimetric  assay  of  serotonin  were  purified  by  successive  washing  with  dilute 
acid  and  alkali  and  several  washes  with  water  as  described  by  Shore  and  Olin  (130). 

Polyether  61 1  fluor  solution  was  used  for  counting  the  activity  of 
the  extracts.  The  solution  was  prepared  about  every  two  weeks  as  required  and 
stored  in  the  refrigerator.  The  primary  scintillation  fluor,  2,5-dipheny loxazole, 
(PPO),  and  the  secondary  fluor,  2-p-pheny lenebis  (5- pheny loxazole),  (POPOP), 
were  obtained  from  Kent  Chemicals  of  Vancouver. 

Formula  of  Polyether  611  Fluor  Solution 


Dioxane  600  ml 

1,2  Dimethoxy ethane  100  ml 

Anisole  100  ml 

PPO.  12.0  g 

0.5  g 


POPOP. 
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4.  Radioactive  Serotonin 

Radioactive  C  serotonin  as  the  oxalate  salt  was  obtained  from 
New  England  Nuclear  Corporation,  Boston,  and  as  the  creatinine  sulphate  salt 
from  the  Nuclear  Chicago  Corporation,  Des  Plaines.  The  specific  activities  and 
other  data  on  the  isotopes  are  given  in  Table  1  .  The  compound  was  labelled  in 
the  beta  position  such  that  it  gave  a  radioactive  metabolite  after  oxidative 
deamination  by  monoamine  oxidase. 


hoy^n\1 

\N^ 

I 

H 


H  H 
1  14  1 

C  —  C-NH 
I  I 
H  H 


Serotonin  -  note  the  C^  label  in 
the  beta  position 


Solutions  of  the  isotope  were  prepared  in  normal  saline  to  con¬ 
tain  10  juc/ml  for  intravenous  administration  to  the  rats  at  the  rate  of  20  |jc/kg . 
Because  of  the  difficulty  of  weighing  1  mg  quantities  with  reproducible  accuracy, 
the  salt  was  weighed  on  a  fine  balance,  and  a  solution  prepared  and  standardised 
by  counting  the  activity  of  10  lambdas.  The  solution  was  stored  in  the  refrigerator 
and  prepared  every  2  to  3  weeks  as  required. 
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TABLE  I 


Data  on  C 


14 


labelled  serotonin  samples. 


Sample 

1 

II 

III 

Source 

New  England 
Nuclear  Corp. 

Nuclear  Chicago 
Corp. 

Nuclear  Chicago 
Corp. 

Salt 

hydrogen 

oxalate 

creatinine 

sulphate 

monohydrate 

creatinine 

sulphate 

monohydrate 

Batch  number 

31/236/37 

21 

26 

Specific 

activity 

(mc/mM) 

2.6 

32.0 

39.6 

Molecular 

weight 

266 

405 

405 

p  c/mg 

10 

79 

98 

^jg  of  5-HT-C^ 
base  injected 
per  kg 

1323 

110 

89 
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5.  Experimental  Procedure 

The  rats  were  infected  intravenously  via  the  tail  vein.  In  pre¬ 
liminary  experiments  the  animals  were  sacrificed  by  over-anaesthetisation . 
However,  stimulation  of  the  sympathetic  nervous  system  by  the  ether  was  un¬ 
desirable  in  these  experiments  and  hence  the  animals  were  killed  by  decapi¬ 
tation.  Blood  was  collected  into  heparin  and  the  tissues  were  immediately  ex¬ 
cised  from  the  animal  and  placed  on  ice  to  prevent  enzymic  degradation. 

After  removal  of  any  fat  and  extraneous  material,  the  tissues  were  blotted, 
placed  in  covered  petri  dishes  on  ice,  and  then  weighed.  The  tissues  used 
were  the  paired  thyroid  and  adrenal  glands,  and  approximately  200  to  300  mg 
of  lung,  liver,  spleen  and  kidney. 

The  tissues  were  homogenised  in  2  ml  of  N/10  HCI  in  a  Kontes 
glass  tissue  grinder  (K  88545).  After  10  strokes,  the  homogenate  was  transferred 
to  a  40  ml  glass-stoppered  centrifuge  tube  containing  sufficient  sodium  chloride 
to  saturate  the  aqueous  phase.  The  homogeniser  and  pestle  were  washed  with 
4  ml  of  peroxide-free  ether  which  was  added  to  the  centrifuge  tube  and  im¬ 
mediately  stoppered  to  prevent  loss  of  ether.  The  homogeniser  was  rinsed  twice 
with  water,  and  as  a  further  precaution,  tissues  were  homogenised  in  order  of 
increasing  total  counts  to  minimise  error. 

The  tubes  were  shaken  rigorously  for  10  minutes  and  centrifuged 
at  2000  rpm  for  10  minutes.  Two  ml  of  the  ether  extract  was  added  to  10  ml  of 
the  fluor  solution  and  counted  in  the  Nuclear  Chicago  720  series  liquid  scintil¬ 
lation  counter.  This  measurement  gave  an  estimate  of  the  activity  associated  with 
the  metabolites  of  serotonin .  The  remainder  of  the  ether  was  removed  by 
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aspiration  and  the  last  traces  evaporated  off  by  an  air  jet  placed  in  the  tube  for 
5  to  10  seconds.  Four  ml  of  sodium  chloride-saturated  butanol  was  added  to  the 
homogenate  and  the  extraction  procedure  repeated  with  15  minutes  shaking  and 
10  minutes  centrifugation.  One  ml  of  the  butanol  extract  was  added  to  10  ml  of 
the  fluor  solution  for  the  assay  of  the  serotonin  activity  present. 

After  collection  of  the  blood  into  heparin  it  was  transferred  to  a 
cold  centrifuge  tube  and  placed  on  ice.  These  precautions  were  necessary  to 
minimise  platelet  breakdown  and  the  release  of  the  serotonin  which  they  contain. 
After  centrifugation  at  3000  rpm  for  30  minutes  (131),  0.2  ml  of  the  plasma  was 
extracted  as  for  the  other  tissues. 

6 .  Radioassay  of  and  Efficiency  of  Counting 

The  ether  and  butanol  extracted  varying  quantities  of  material 
from  the  different  tissues  which  produced  different  degrees  of  quenching.  All 
counts  were,  therefore,  corrected  to  a  theoretical  disintegrations  per  minute 
(dpm)  using  the  standard  channels  ratio  technique.  A  quenching  correction 
curve  was  plotted  of  percent  efficiency  against  the  channels  ratio  using  the 
quenched  standards.  After  adjusting  the  channels  ratio  to  approximately 
0.3  for  the  unquenched  standard,  the  quenching  correction  curve  was  checked 
each  time  samples  were  counted.  A  10  minute  background  count  was  made  be¬ 
fore  and  after  counting  the  samples  using  a  washed  vial  containing  10  ml  of  the 
fluor  solution.  These  background  counts  were  corrected  for  quenching,  averaged, 
and  subtracted  from  the  corrected  tissue  count.  An  aliquot  correction  was  ap¬ 
plied  and  the  result  calculated  as  disintegrations  per  minute/mg  (dpm/mg)  of 


tissue . 


. 

9/  I  o1  bs.!>U  DW  U'o;  '■  5  J  m  :  "  .  2bno>92  0:  ot  £ 

. 

*o  •'  Qi  •  O  •!•  lo'iv'lud  srH  h  i  >,  -  nO  .r  :  ^  ,  'imo  eatunimCK 

a. 

t  -\  »iv  :  •.  •  „  i  -t  )  :D  -  :  ■  •  r  t  v  r.< ;  ■  ,  . 

o  ot  bonohnoit  2ow  1i.  niiDqsrl  olni  booid  ®dt  to  noiiodlloD  ie^A 

ol  y‘!D229D9n  919W  2noilUO09  !Cj  920 >  bdOoiq  bno  9dut  aQAi^iltflOO  bloo 

■ 

'•  -  /  '•}  /  «  ■  '  ■•.  .  K)v  ?,?  rvbi'topi.’fi  vtr-OD  iOItA 

D  o  V0220©ilc>fl  .  6 

i 

:  >9  '  •■>  ot  ;  •  >  ,  .  -...  -■  ,  <•  i  .'Iijujco 

. 

\ 

■ 

. 

. 

'  V  ■  ■  •  •  1 

' 

-qp  iow  noitoenco  loupilo  n A  .  Irioco  £>02^11  btlamos  9rH  mot^  bi>1x> 


. 3  U22 i t 


-  30  - 


The  method  was  evaluated  with  regard  to  volume  ratios  for  the 
most  efficient  extraction  while  obtaining  a  good  statistical  count.  Also  the 
specificity  for  extraction  of  the  rnetabolities  by  the  ether,  and  the  serotonin  by 
the  butanol,  was  investigated,  and  the  percent  recovery  from  tissue  extracts 
determined. 

7 .  Time  Uptake  Study  of  Labelled  Serotonin 

The  t  ime  course  of  uptake  was  examined  in  various  tissues  of  the 

14 

rat  after  the  intravenous  injection  of  5-HT-C  .  The  animals  were  sacrificed 
at  2,  30,  60  and  120  minutes,  and  12  hours  after  the  injection.  The  ether  and 
butanol  extracts  gave  values  for  the  radioactive  metabolites  and  serotonin  con¬ 
centrations  respectively  in  the  various  tissues.  Graphs  were  plotted  of  dpm/mg 
as  ordinate  and  time  as  abscissa. 

8.  Effect  of  Drugs  on  the  Uptake  and  Distribution  of  Labelled  Serotonin 

Selected  drugs  knpwn  to  affect  the  uptake  and  binding  of  the 
catecholamines  were  examined  for  their  influence  on  the  uptake  and  distri¬ 
bution  of  5-HT-C^  .  The  animals  were  sacrificed  60  minutes  after  injection  of 
the  amine  since  at  this  time  the  tissue  levels  had  reached  a  plateau  as  indicated 
by  the  time  uptake  studies.  The  drugs  were  injected  intra-peritoneal ly  before 
the  amine  at  specific  times  based  on  previous  reports  to  allow  the  drugs  to  exert 
their  effects. 
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9.  Extraction  and  Spectrophotof luorimetric  Assay  of  Endogenous  Serotonin 

Serotonin  was  extracted  and  measured  spectrophotof luorimetrica lly 
using  the  method  of  McNeill  and  Riedel  (132),  which  is  based  on  the  procedure 
of  Shore  and  Olin  (130).  The  rats  were  killed  by  decapitation  and  the  tissues 
rapidly  removed  and  frozen  in  liquid  nitrogen.  After  homogenising  in  2  ml  of 
N/10  HCI,  the  contents  were  transferred  to  a  40  ml  glass-stoppered  centrifuge 
tube  containing  sufficient  sodium  chloride  to  saturate  the  aqueous  phase.  The 
homogeniser  was  rinsed  with  two  4  ml  volumes  of  butanol  which  were  added  to 
the  homogenate.  The  tubes  were  shaken  for  15  minutes  and  centrifuged  at  2000 
rpm  for  15  minutes.  A  4  ml  aliquot  of  the  butanol  was  added  to  a  tube  con¬ 
taining  3  ml  of  N/10  HCI  and  7  ml  of  heptane.  After  shaking  for  5  minutes 
and  centrifuging  for  15  minutes  at  2000  rpm,  1  ml  of  the  acid  layer  was  trans¬ 
ferred  to  a  quartz  cuvette,  and  0.3  ml  of  12  N  HCI  was  added.  The  solution 
was  activated  at  295  rryj  and  the  fluorescence  read  at  540  mp  in  an  Aminco- 
Bowman  spectrophotof luorimeter.  The  sensitivity  of  the  instrument  was  in¬ 
creased  by  reducing  the  non-specific  and  scatter  fluorescence  with  a  pair  of 
Glan-Thompson  polarising  prisms. 

10.  Statistical  Procedures 

In  the  time  uptake  study,  the  mean  and  the  standard  error  of  the 
mean  were  calculated  by  standard  statistical  procedures.  Differences  between 
control  and  drug-treated  animals  were  calculated  and  compared  by  Student's  "t" 
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1  .  Evaluation  of  Experimental  Procedures 

In  initial  experiments,  rats  were  injected  intraveneously  using 
light  ether  anaethesia.  The  animals  showed  symptoms  of  severe  toxicity  and  death 
frequently  occurred.  Animals  injected  without  anaesthesia  held  in  a  restraining 
device,  still  showed  the  toxic  reactions  but  did  not  die.  It  thus  appeared  that 
the  toxicity  of  the  serotonin  was  enhanced  during  ether  anaesthesia.  These 
observations  have  been  confirmed  in  the  recently  reported  work  of  Tammisto  (133). 
He  compared  the  toxic  effects  of  high  doses  bf  serotonin  in  one  series  of  rats, 
with  the  toxicity  of  similar  doses  of  serotonin  in  a  second  series  of  animals 
during  anaesthesia.  In  both  series,  death  was  found  to  be  due  to  respiratory 
failure  which  was  readily  prevented  by  artificial  respiration.  Pretreatment 
with  methysergide,  a  serotonin  antagonist,  which  also  possesses  some  analeptic 
activity,  prevented  the  toxic  reactions  observed  with  serotonin  .  Pulmonary 
oedema  contributed  to  the  respiratory  difficulties  and  was  found  to  be  the  cause 
of  death  in  tracheotomised  animals.  Tammisto  concluded  that  airway  con¬ 
striction,  peripheral  vagal  reflexes,  changes  in  the  pulmonary  circulation, 
impairment  of  the  cerebral  circulation,  and  heat  loss  during  anaesthesia^were 
not  factors  in  the  increased  toxicity  of  serotonin  under  anaesthesia,  and  that 
central  effects  must  be  operating. 

In  the  present  work  therefore,  animals  were  injected  without 
anaesthesia;  the  injection  was  facilitated  by  use  of  a  restraining  device.  The 
5-HT-C  used  in  the  first  experiments  was  of  low  specific  activity  (2.6  mc/m M), 
and  on  injection  the  animals  showed  toxic  reactions.  Loss  of  righting  reflexes, 
motor  incoordination  and  respiratory  difficulty  were  observed,  but  no  fatalities 
occurred.  Most  animals  recovered  from  immediate  effects  in  10  to  15  minutes 
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but  showed  continuing  sedation.  Such  effects  were  considered  to  be  undesirable 
in  these  experiments  and  no  data  using  such  high  doses  with  the  low  specific 
activity  material  has  been  used  in  the  results.  The  other  samples  of  5-HT-C^4 
were  of  much  higher  specific  activity  (32  mc/mM  and  39.6  mc/mM),  and  the 
lower  doses  of  base  injected  did  not  produce  any  of  the  symptoms  referred  to  in 
the  initial  experiments  (Table  1).  Hence,  with  no  anaesthesia  and  with  the 
high  specific  activity  serotonin,  it  was  considered  that  these  gave  the  most 
favourable  conditions  for  a  study  of  the  uptake  and  distribution  of  exogenous 
serotonin . 


The  quenching  correction  curve  was  constructed  using  the 
C14  quenched  standards  and  was  checked  each  time  samples  were  counted. 
The  liquid  scintillation  counter  was  operated  for  at  least  two  hours  before 
counting.  After  adjusting  the  channels  ratio  to  approximately  0.3  for  the 
unquenched  standard,  the  quenching  correction  curve  showed  only  a  minimal 
variation  (Fig.  2). 

The  method  was  evaluated  by  performing  standard  recoveries 
using  5-HT-C^4;  5-HIAA-C^4  was  not  commercially  available.  A  limitation 
in  the  work  involving  the  thyroid  and  adrenal  glands  was  the  small  amount  of 
tissue  available.  The  method  was  developed  to  give  satisfactory  counting 
rates  which  were  consistent  and  reproducible.  By  maintaining  the  extraction 
volumes  at  a  minimum,  relatively  higher  counting  rates  were  obtained. 
Standard  recoveries  with  4,  6  and  8  ml  volumes  of  butanol  from  an  acid  (2  ml) 
medium  showed  only  a  small  increase  in  percentage  recovery  with  the  larger 
volume  (Table  II).  This  was  not  considered  sufficient  to  offset  the  reduction 
in  counts  obtained. 
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Fig.  2 


Quenching  correction  curve  for  C 
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TABLE  il 


Percentage  recovery  of  standard  labelled  serotonin  from  an  acid 
medium  using  different  volumes  of  butanol  for  extraction. 


ml  of  butanol 

cpm 

%  recovery 

4 

12 , 492 

-j 

00 

0 

00 

00 

4 

12,503 

78.94 

6 

9,790 

m 

0 

in 

00 

6 

9,198 

82.97 

8 

7,160 

o 

["• 

• 

["• 

00 

8 

7,270 

86.70 

Percentage  recovery  is  calculated  as  the  ratio  of  the  corrected 
number  of  counts  obtained  in  the  extract  to  a  corrected  standard 
number  of  counts  added  initially  to  the  medium. 
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Since  the  original  extraction  procedure  for  serotonin  was  carried  (128) 

out  from  an  alkaline  homogenate,  it  was  considered  that  recoveries  might  be 

greater  from  such  an  alkaline  medium.  Further,  it  was  noticed  that  some  acid 

was  carried  through  into  the  butanol  layer,  which  on  addition  to  the  fluor 

solution  produced  slight  quenching.  However,  it  was  found  that  ether  ex- 

14 

tracted  5-HT-C  from  a  solution  at  alkaline  pH  but  it  did  not  extract  the 
amine  from  an  acid  medium  (Table  III).  Hence,  all  tissues  were  homogenised 
in  0.1  N  hydrochloric  acid. 


Tissue  recoveries  were  performed  in  which  tissues  from  an  un¬ 
treated  rat  were  removed  and  extracted  as  indicated  in  the  method.  At  the 
homogenisation  stage,  10  lambdas  of  a  1/100  dilution  of  the  5-HT-C^ 
solution  for  injection  was  added.  The  results  are  shown  in  Table  IV.  The 
mean  recovery  from  the  tissue  was  found  to  be  about  66%.  Two  important 
questions  were  answered  by  these  results.  First,  the  wide  variation  in  the 
amount  of  tissue  taken  from  the  various  organs  did  not  appear  to  influence  the 
efficiency  of  the  extraction  procedure.  Further,  it  was  found  that  different 
tissue  extracts,  although  they  produced  different  degrees  of  quenching,  re¬ 
sulted  in  comparable  counting  rates  when  corrected  by  means  of  the  quenching 
correction  curve.  This  substantiated  the  validity  of  the  use  of  this  method. 


Although  no  5-HIAA-C^  was  available,  the  specificity  of  the 

extraction  procedure  was  partially  evaluated  by  incubating  approximately  2  g 

14 

of  liver  tissue  homogenised  in  pH  7.4  buffer  with  5-HT-C  for  varying  periods 
of  time  (Table  V).  The  result  indicated  that  more  activity  was  extracted  in  the 
ether  layer  with  increasing  periods  of  incubation,  with  a  corresponding  decrease 
in  the  butanol  activity. 
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TABLE  III 


Comparison  of  the  specificity  of  extraction  of  labelled  serotonin 
from  an  acid  and  an  alkaline  homogenate. 


ml  of  ether  or 
butanol 

%  recovery 
in  ether 

%  recovery 
in  butanol 

acid 

4 

0.81 

69.37 

II 

4 

0.67 

68.41 

alkaline 

4 

CM 

00 

0 

1 — 1 

CM 

50.44 

II 

4 

21.53 

48.68 

Percentage  recovery  is  calculated  as  the  ratio  of  the  corrected  number 
of  counts  obtained  in  the  extract  to  a  corrected  standard  number  of 
counts  added  initially  to  the  medium. 


•  \t  - 


III  3J8AT 


. 


i®dmt  1  batoi/noo  ®Hi  to  cro-  srll  so  botu  it  !.>o  ’I  1  nolr  j:  c* 

.muto©m  orll  ol  y!»ol  ini  \  boo  ,no:  i 


-  38  - 


TABLE  IV 


Percentage  recovery  in  butanol  and  ether  extracts  of  standard 
labelled  serotonin  added  to  rat  tissue  homogenates. 


A.  Butanol  Extract 


Thyroid 

Adrenal 

Lung 

Liver 

Spleen 

Kidney 

67.50 

69.80 

70.51 

66.44 

68.94 

67.41 

66.40 

68.79 

66.23 

70.21 

67.37 

67.02 

64.98 

66 . 58 

65.58 

63.55 

64.73 

66 . 35 

65.25 

66 . 65 

64.77 

66.61 

66.83 

63.28 

mean 

66.04 

67.97 

66.77 

66.70 

66.96 

66.01 

Ether 

Extract 

Thyroid 

Adrenal 

Lung 

Liver 

Spleen 

Kidney 

0.13 

0.39 

0.52 

0. 15 

0.28 

0.62 

0  o  08 

0.35 

0.42 

0.41 

0.31 

1.01 

0.30 

0.49 

1.10 

1. 18 

0.32 

0.85 

0.65 

0.29 

0.91 

1.03 

0.35 

0.90 

mean 

0.29 

0.34 

0.74 

0.69 

0.31 

0.84 

Percentage  recovery  is  calculated  as  the  ratio  of  the  corrected  number 
of  counts  obtained  in  the  extract  to  a  corrected  standard  number  of 
counts  added  initially  to  the  medium. 
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TABLE  V 


Percentage  recovery  of  C  labelled  serotonin  and  metabolites 
in  butanol  and  ether  extracts  from  an  homogenate  of  rat  liver, 
after  varying  periods  of  incubation. 


Time  of 

incubation 

(minutes) 

%  recovery 
in  ether 

%  recovery 
in  butanol 

20 

10.96 

60.56 

II 

11.52 

59.52 

40 

16.02 

48.52 

II 

15.74 

49.16 

Percentage  recovery  is  calculated  as  the  ratio  of  the  corrected 
number  of  counts  obtained  in  the  extract  to  a  corrected  standard 
number  of  counts  added  initially  to  the  medium. 
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The  ether  was  found  to  extract  less  than  1  .0%  of  the  amine 
from  an  acid  homogenate,  and  from  the  above  results  and  the  data  of  Feldstein 
and  Wong  (127),  it  was  concluded  that  the  extraction  procedure  was  specific 
for  the  estimation  of  serotonin  and  its  metabolites. 

2 .  Time  Uptake  Study  of  Labelled  Serotonin  in  Tissues  of  the  Rat 

14 

The  uptake  of  5-HT-C  at  various  time  intervals  was  studied 
in  the  thyroid  glands,  adrenal  glands,  lung,  liver,  spleen,  kidney  and  blood. 
The  tissues  were  analysed  for  the  butanol-extractable  activity  (serotonin),  and 
ether-extractable  activity  (metabolites).  Graphs  of  the  uptake  patterns  are 
shown  in  Figs.  3  to  9.  Preliminary  experiments  using  a  cold  70%  ethanol 
extraction  procedure  confirmed  previous  reports  that  the  amine  is  not  taken 
up  into  the  central  nervous  system  (134). 

Most  tissues  showed  an  initial  rapid  uptake  of  the  exogenous 
amine,  reaching  a  plateau  in  30  to  60  minutes.  The  tissues  showed  considerable 
variation  in  the  decrease  of  the  activity  after  one  hour,  which  probably  re¬ 
flects  the  different  affinities  of  the  tissues  for  the  amine.  Uptake  of  the 
amine  by  the  spleen  was  slower  than  in  other  tissues,  but  in  one  hour  reached 
levels  which  were  twice  those  found  in  the  other  organs.  This  high  level  was 
maintained  up  to  twelve  hours  which  was  the  maximum  time  studied.  The 
tissue  levels  of  metabolites  were  found  to  be  highest  at  the  2  minute  time 
interval,  the  earliest  time  studied.  This  was  followed  by  a  rapid  decrease 
and  low  levels  were  present  in  most  tissues  after  30  minutes.  The  concen¬ 
tration  of  the  metabolites  at  2  minutes  probably  reflects  the  activity  of  the 
enzyme,  monoamine  oxidase,  within  the  tissue.  Since  the  metabolites  are 
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rapidly  cleared  from  the  blood  (14),  the  activity  recorded  at  other  times  may 
be  due  to  low  concentrations  of  these  materials  in  the  blood,  and/or  slow  re¬ 
lease  of  the  stored  amine  followed  by  enzymic  degradation. 

Thyroid  Gland 

The  concentration  of  injected  serotonin  as  measured  by  the 
radioactivity  present  in  the  thyroid  gland  was  found  to  be  61  dpm/mg  at  2 
minutes,  the  earliest  time  measured  (Fig.  3).  This  rapid  initial  uptake 
followed  by  a  slow  decrease  in  activity  indicates  that  the  thyroid  gland  has 
the  capacity  to  take  up  and  store  the  amine.  The  thyroid  has  been  reported 
to  contain  endogenous  serotonin,  and  Magus  (135)  reported  values  as  high  as 
3.55fjg/g  in  the  rat.  Using  an  autoradiographic  technique,  Ritzen, 
Hammarstrom  and  Uliberg  (136)  showed  that  the  mouse  thyroid  was  capable 
of  taking  up  5-HT-C^  and  5-HTP-C^,  the  latter  being  rapidly  decarboxy- 
lated  to  the  amine. 

Adrenal  Gland 

The  adrenal  gland  showed  a  similar  pattern  of  uptake  of  the 
amine  to  that  observed  in  the  thyroid  gland,  but  the  levels  attained  were 
considerably  higher  (Fig.  4).  There  was  a  high  activity  in  2  minutes,  but  the 
maximum  was  found  in  the  30  minute  time  interval  at  186  dpm/mg.  At  12 
hours,  the  activity  was  still  up  to  111  dpm/mg.  There  was  a  high  level  of 
metabolites  at  2  minutes  which  rapidly  fell.  This  amine  pattern  suggests  that 
the  5-HT-C^  is  being  held  in  some  specific  storage  particle  within  the 
adrenal  from  which  it  is  slowly  released.  Studies  by  Bertler,  Rosengren  and 
Rosengren  (137)  indicate  that  the  serotonin  is  probably  stored  in  the  adrenal 
medullary  granules.  On  intra-peritonea  I  injection  into  rabbits  of  100  mg/kg 
of  5-HTP,  they  found  5-HT  to  be  present  in  the  granular  fraction  after 
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gland  at  different  time  intervals. 


Vertical  bars  represent  the  standard  error  of  the  mean. 
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Fig.  4 


Concentration  of  labelled  serotonin  and  metabolites  in  the  adrenal 
gland  at  different  time  intervals. 


Vertical  bars  represent  the  standard  error  of  the  mean. 
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differential  centrifugation.  Dopamine,  noradrenaline  and  adrenaline  were 
found  in  the  same  fraction  after  a  similar  injection  of  DOPA  (137).  Since  the 
adrenal  medulla  appears  to  be  able  to  form  5-HT  from  the  precursor,  5-HTP, 
and  since  the  granules  are  capable  of  taking  up  exogenous  serotonin,  it  would 
not  be  unreasonable  to  predict  the  presence  of  endogenous  serotonin  in  the 
adrenal  gland.  However,  experiments  in  this  laboratory  using  the  pooled 
adrenal  glands  from  four  rats  showed  that  it  was  not  possible  to  detect  the 
presence  of  any  endogenous  serotonin  using  the  spectrophotof luorimetric  method. 

Lung 

The  lung  showed  a  rapid  accumulation  of  the  injected  amine, 
reaching  a  maximum  activity  of  168  dpm/mg  at  the  2  minute  time  interval 
(Fig.  5).  Some  storage  capacity  was  indicated  by  the  presence  of  some  acti¬ 
vity  in  twelve  hours.  The  lung  has  been  reported  to  contain  endogenous  sero¬ 
tonin  (23).  The  lung  showed  the  highest  level  of  metabolites  of  all  tissues 
studied,  the  activity  reaching  249  dpm/mg  at  the  2  minute  time  interval. 

The  metabolite  activity  was,  in  fact,  higher  than  that  of  the  serotonin,  and 
can  be  attributed  to  the  presence  of  large  quantities  of  the  enzyme,  monoamine 
oxidase,  in  the  lung  (138). 

Liver 

The  liver  tissue  showed  no  marked  affinity  for  the  circulating 
serotonin  and  had  even  lower  levels  of  metabolites  (Fig.  6)„  Both  of  these  re¬ 
sults  are  unexpected  since  the  liver  has  been  reported  to  contain  some  endogenous 
serotonin  (23) r  and  to  be  a  rich  source  of  monoamine  oxidase.  The  endogenous 
amine  may  be  confined  to  mast  cells;  normal  mast  cells  do  not  show  any  marked 
uptake  of  the  amine  (139). 
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fig.  5  Concentration  of  labelled  serotonin  and  metabolites  in  the  lung 
at  different  time  intervals. 


Vertical  bars  represent  the  standard  error  of  the  mean. 
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at  different  time  intervals. 


Vertical  bars  represent  the  standard  error  of  the  mean. 
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The  uptake  pattern  of  5-HT-C  into  the  spleen  was  markedly 
different  from  that  observed  in  other  tissues  (Fig.  7).  At  2  minutes,  the  activity 
was  only  30  dpm/mg,  but  at  the  60  minute  interval  the  activity  had  reached 
317  dpm/mg,  the  highest  level  found  in  any  tissue  studied.  This  was  followed 
by  a  slow  decrease  in  activity  with  251  dpm/mg  at  12  hours.  In  contrast,  the 
metabolite  levels  were  low  at  all  time  intervals  studied,  with  no  characteristic 
initial  peak  of  activity  as  found  in  other  tissues.  This  uptake  pattern  in  the 
spleen  is  probably  due  to  the  accumulation  of  blood  platelets  which  are  known 
to  contain  endogenous  serotonin  (18),  and  to  take  up  the  amine  against  a 


concentration  gradient  (144).  Ritzen  et  al.  (136)  observed  a  gradual  uptake 

of  5-HT-C^  into  the  red  pulp  of  the  spleen  which  they  attributed  to  the 

accumulation  of  blood  platelets.  They  also  suggested  that  some  of  the  amine 

might  be  located  in  the  rich  adrenergic  innervation  of  the  spleen.  Axelrod 

14 

and  Inscoe  (145)  obtained  similar  results  on  injection  of  5-HT-C  into  the 
mouse.  Maximum  activity  occurred  in  one  hour,  followed  by  a  slow  release, 
and  considerable  activity  was  still  present  after  one  week. 

Kidney 


The  highest  activities  due  to  the  amine  and  the  metabolites  were 
observed  in  the  kidney  at  the  2  minute  time  interval.  This  was  followed  by  a 
rapid  decrease,  the  serotonin  activity  declining  more  rapidly  than  that  of  the 
metabolites  (Fig.  8).  This  rapid  fall  after  injection  of  the  amine  into  the  blood 
suggests  that  the  kidney  is  rapidly  excreting  both  the  amine  and  the  metabolites 
from  the  circulation.  From  the  data,  it  does  not  appear  that  the  kidney  stored 
the  amine,  and  the  low  levels  of  activity  at  later  time  intervals  were  probably 
due  to  slow  release  from  other  sites  where  the  amine  had  been  taken  up. 
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Vertical  bars  represent  the  standard  error  of  the  mean. 


ninotoise  MI«M  MD 


..•iovialm  emit  laeieffiib  1o 


-  49  - 


Vertical  bars  represent  the  standard  error  of  the  mean. 
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Blood 

The  concentration  of  labelled  serotonin  and  metabolites  present 
at  various  times  in  extracted  plasma  are  shown  in  Fig.  9.  The  highest  activities 
occurred  at  the  2  minute  time  interval  after  intravenous  injection  .  The  serotonin 
activity  declined  as  the  amine  was  taken  up  into  the  tissues  or  platelets,  meta¬ 
bolised  by  monoamine  oxidase  or  cleared  by  the  kidneys.  From  the  other  graphs 
it  can  be  seen  that  the  greatest  uptake  occurred  in  most  tissues  when  the  free 
plasma  levels  were  at  a  maximum. 


3.  The  Effect  of  Drugs  on  the  Uptake  and  Distribution  of  Labelled  Serotonin 
Reserpine 

Reserpine,  5  mg/kg,  administered  intraperitoneally  2  hours 
14 

before  the  5-HT-C  ,  produced  a  marked  reduction  in  the  tissue  concentration 

VI  & 


of  the  amine  in  one  hour  compared  to  control  animals  (Table  VII).  The  activity 
in  the  thyroid  and  adrenal  glands,  lung,  liver  and  spleen  were  much  reduced, 
but  there  was  no  significant  change  in  the  kidney.  The  metabolite  levels  in  the 
reserpine-treated  animals  were  not  markedly  changed  from  those  observed  in 
control  animals.  There  was  a  slight  reduction  in  the  thyroid  and  spleen  and  a 
slight  increase  in  the  adrenal  and  kidney.  The  adrenal  takes  up  large  quantities 
of  the  amine,  but  with  the  inhibition  of  the  uptake-storage  mechanism  by  re¬ 
serpine,  the  amine  is  no  longer  protected  from  enzymic  destruction  by  monoamine 
oxidase  which  could  account  for  the  higher  levels  of  metabolites  observed. 

The  kidney  was  also  found  to  contain  greater  amounts  of  radioactivity  due  to  the 
higher  levels  of  circulating  serotonin  resulting  from  the  action  of  reserpine. 

After  injection  of  the  reserpine,  the  animals  showed  the  charac¬ 
teristic  symptoms  of  sedation,  with  reduced  spontaneous  activity,  ptosis,  and 
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Fig.  9  Concentration  of  labelled  serotonin  and  metabolites  in  the  blood 
plasma  at  different  time  intervals. 


Vertical  bars  represent  the  standard  error  of  the  mean. 
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TABLE  VI 


.  14 

Concentration  of  C  labelled  serotonin  and  metabolites  in  tissues  of  control  rats. 


A.  Serotonin 


Thyroid 

Adrenal 

Lung 

Liver 

Spleen 

Kidney 

55.68 

152.40 

60.20 

11.73 

270.48 

15.68 

64.00 

277.81 

82.47 

22.98 

267.02 

14.24 

37.33 

207.20 

179.81 

28.85 

312.99 

14.53 

42.10 

98.14 

107.87 

32.16 

379.90 

10.10 

30.12 

116.71 

132.75 

17.16 

356. 66 

14.04 

48.40 

133.82 

119.73 

11.99 

340.83 

12.43 

41.82 

98.77 

190.41 

31.76 

289.72 

12.24 

mean 

45.63 

154.97 

124.71 

22.37 

316.70 

13.32 

B.  Metabolites 


Thyroid 

Adrenal 

Lung 

Liver 

Spleen 

Kidney 

12.64 

8.00 

30.96 

1.78 

10.38 

19.92 

9.55 

10.39 

26.30 

2.26 

7.39 

19.29 

4.44 

5.33 

25.57 

2.94 

7.51 

14.50 

10.61 

5.50 

16.86 

1.58 

8.27 

10.90 

17.41 

4  „  64 

18.57 

1.42 

8.52 

16.02 

18.53 

5.52 

17.74 

1.41 

6.15 

20.43 

10.73 

7.23 

17.04 

1.37 

5.25 

8.08 

mean 

11.98 

6 . 66 

21.86 

1.82 

7.64 

15.59 

Results  are  expressed  as  dpm/mg  of  tissue. 

5-HT-C^  ,  20|jc/kg,  i.v.,  one  hour  before  killing. 


IV  3J6AT 


. 


lonartbA 

(  # . 

•3 . 8S 

is.evi 

OS  VOS 

ox. ox 

di.se 

M).M 

ev.sei 

VV.8e 

S8.I£ 

-53  - 


TABLE  VII 

Effect  of  reserpine  on  the  concentration  of  labelled  serotonin  and 
metabolites  in  tissues  of  the  rat. 

A.  Serotonin 


Thyroid 

Adrenal 

Lung 

Liver 

Spleen 

Kidney 

1.33 

97.60 

16.32 

5.38 

55.44 

24.41 

— 

72.00 

19.76 

4.22 

37.19 

18.86 

1.45 

80.15 

36.19 

5.57 

52.27 

14.83 

8.78 

77.92 

19.02 

3.66 

57.92 

11.95 

4.21 

65.76 

30.74 

5.45 

65.93 

13.58 

8.35 

34.54 

36.47 

5.87 

46.77 

14.57 

mean 

4.82 

71.33 

26.67 

4.69 

52.59 

16.37 

control 

45.63 

154.97 

124.71 

22.37 

316.70 

13.32 

p  value 

<  0.001 

<0.05 

<0.001 

<0.001 

<0.001 

— 

B.  Metabolites 


Thyroid 

Adrenal 

Lung 

Liver 

Spleen 

Kidney 

8.44 

16.33 

13.14 

3.36 

4.29 

38.36 

— 

9.14 

20.07 

1.94 

2.39 

26.81 

4.38 

9.19 

39.58 

1.86 

2.00 

22.05 

5.37 

9.60 

22.40 

1.26 

3.61 

22.05 

7.27 

10.47 

58.10 

2.67 

5.71 

28.94 

2.43 

18.30 

42.85 

3.00 

6.21 

34.72 

mean 

5.58 

12.22 

32.69 

2.35 

4.03 

28.82 

control 

11.98 

6 . 66 

21.86 

1.82 

7.64 

15.59 

p  value 

<0.05 

<0.05 

— 

— 

<0.01 

<0.01 

Results  are  expressed  as  dpm/mg  of  tissue.  14  OA  „ 

Reserpine,  5  mgAg,  i-P •/  2  hours  before  injection  of  the  5-HT-L  ,  20  pc/kg 
Animals  killed  one  hour  later. 


M. 


.aueail  *©  Qm\mqb  zo  be^aiqxo  9\o  illuzafl 

. 

•  isId1  iuoH  ono  b^llid  alominA 


-  54  - 


diarrhoea.  Reserpine  also  causes  release  of  endogenous  serotonin  and  the  role 
of  the  amine  in  the  central  depresspnt  action  of  reserpine  has  been  discussed. 

Snyder  et  al.  (139)  found  that  reserpine  reduced  the  uptake  of 
exogenous  serotonin  in  the  rat  spleen  and  uterus,  with  a  very  much  greater  re¬ 
duction  occurring  in  the  spleen  .  In  the  experiments  reported  here,  the  spleen 
showed  the  greatest  response  to  the  action  of  reserpine  which  suggests  that  the 
exogenous  splenic  serotonin  is  in  one  type  of  storage  compartment,  which  appears 
to  be  highly  sensitive  to  the  action  of  reserpine.  Subcellular  distribution  studies 
have  shown  most  of  the  serotonin  to  be  in  the  fraction  associated  with  the  blood 
platelets  (139).  Blood  platelets  have  been  shown  to  release  endogenous  sero¬ 
tonin  under  the  influence  of  reserpine  (141).  The  possibility  of  storage  of  the 
amine  in  mast  cells  has  been  disproved  by  the  administration  of  compound 

48/80,  a  drug  which  is  known  to  disrupt  mast  cells.  No  reduction  in  the 
14 

5-HT-C  content  of  the  spleen  was  observed  after  such  treatment  (139). 

Imipramine 

Imipramine,  50  mg/kg  administered  intra-peritoneal ly  15  minutes 
before  the  5-HT-C^  ,  produced  a  marked  reduction  in  the  tissue  levels  of  the 
exogenous  amine  (Table  VIII).  In  the  thyroid  and  adrenal  glands,  lung  and 
liver,  the  levels  were  reduced  by  approximately  50%.  In  the  spleen  the  re¬ 
duction  was  not  nearly  so  great,  the  effect  of  imipramine  being  much  less  than 
that  of  reserpine.  Tissue  levels  of  metabolites  were  not  significantly  different 
from  those  of  control  animals.  Much  of  the  work  on  the  pharmacology  of  imi¬ 
pramine  has  concerned  the  catecholamines.  Sigg  (142)  in  1959  first  showed  that 
the  drug  potentiated  the  action  of  noradrenaline.  Suggestions  that  the  poten¬ 
tiation  was  due  to  an  action  of  imipramine  in  preventing  noradrenaline  uptake 
were  confirmed  by  the  studies  of  Hertting,  Axelrod  and  Whitby  (143),  in  which 
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TABLE  VIII 

Effect  of  imipramine  on  the  concentration  of  labelled  serotonin  and 
metabolites  in  tissues  of  the  rat. 

A.  Serotonin 


Thyroid 

Adrenal 

I-  ' 

Lung 

Liver 

Spleen 

Kidney 

20.57 

97.24 

66.38 

10.33 

206.90 

14.73 

21.45 

96.91 

75.15 

15.81 

237.03 

13.53 

17.00 

84.36 

38.16 

5.80 

214.51 

13.28 

23.67 

102.95 

71.34 

11.00 

206.87 

13.89 

16.81 

91.04 

47.50 

8.13 

237.62 

13.99 

18.35 

63.29 

59.37 

12.91 

251.00 

9.22 

mean 

19.64 

89.30 

59.65 

10.66 

225.65 

13.12 

control 

45.63 

154.97 

124.71 

22.37 

316.70 

13.32 

p  value 

<  0.001 

<0.05 

<0.01 

<0.01 

<0.001 

_ 

B.  Metabolites 


Thyroid 

Adrenal 

Lung 

Liver 

Spleen 

Kidney 

11.05 

7.72 

25.97 

2.10 

7.07 

24.87 

12.00 

4.80 

15.00 

1.49 

5.34 

16.07 

9.78 

4.94 

15.17 

0.98 

9.34 

24.29 

12.66 

6.17 

21.22 

0.97 

8.37 

18.77 

10.00 

4.00 

12.76 

1.10 

5.64 

22.66 

12.70 

5.54 

21.66 

1.44 

4.92 

13.57 

mean 

11.36 

5.53 

18.63 

1.35 

6.78 

20.00 

control 

11.98 

6 . 66 

21.86 

1.82 

7.64 

15.59 

p  value 

— 

— 

— 

— 

— 

Results  are  expressed  as  dpm/mg  of  tissue.  14  __  „ 

Imipramine,  50  mg/kg,  i.p.,  15  minutes  before  injection  of  the  5-HT-L  ,  20/jc/kg. 
Animals  killed  one  hour  later. 
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fhey  showed  that  the  drug  prevented  the  uptake  of  tr i t fated  noradrenaline. 
Experiments  in  the  present  work  suggest  that  imipramine  also  prevents  the 
uptake  of  5-HT-C  into  tissues.  In  vitro  studies  on  isolated  platelets  have 
shown  that  imipramine  inhibited  the  uptake  of  serotonin^ and  in  man,  in  vivo 
studies  have  shown  that  chronic  administration  of  the  drug  reduced  the  platelet 
serotonin  by  60%  (144). 

Cocaine 

Cocaine  was  administered  to  rats  at  two  dose  levels,  10  mg/kg 
and  20  mg/kg,  intra-peritoneal  ly,  15  minutes  before  injection  of  the  amine 
(Tables  IX  and  X),  At  both  dose  levels,  there  was  a  reduction  in  the  5-HT-C^ 
activity  in  all  tissues  except  the  kidney,  the  effect  of  the  higher  dose  being 
greater .  The  adrenal  gland  appeared  to  be  less  sensitive  than  other  tissues 
to  the  action  of  cocaine,  and  no  significant  difference  was  observed  at  the 
lower  dose  level.  The  activity  of  the  metabolites  was  reduced  in  most  tissues 
except  the  kidney,  particularly  with  the  higher  dose. 

This  uptake  pattern,  in  which  the  concentrations  of  both  the 
amine  and  the  metabolites  are  reduced,  indicates  that  the  drug  is  preventing  the 
uptake  and  storage  of  the  amine.  Reserpine  also  interferes  with  the  binding 
mechanism  as  shown  by  the  reduction  in  the  tissue  levels  of  the  amine,  but  in 
contrast  to  cocaine,  the  metabolite  levels  were  less  affected.  These  results 
suggest  that  cocaine  prevents  the  amine  from  reaching  the  storage  particle, 
whereas,  in  the  presence  of  reserpine  the  amine  can  reach  the  storage  site, 
inhibition  of  the  storage  mechanism  prevents  the  amine  from  being  retained. 
Small  quantities  are  continuously  released  intracellularly  and  are  then  meta¬ 
bolised.  Autoradiographic  studies  by  Samorajski,  Marks  and  Webster  (146)  of 
the  effects  of  cocaine  and  reserpine  on  the  uptake  of  tritiated  noradrenaline  in 
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TABLE  IX 


Effect  of  cocaine  (10  m  gAg)  on  the  concentration  of  labelled  serotonin 
and  metabolities  in  tissues  of  the  rat. 

A.  Serotonin 


Thyroid 

Adrenal 

Lung 

Liver 

— 

Spleen 

Kidney 

32.00 

120.00 

69.97 

17.37 

170.00 

10.82 

1 

32.00 

109.81 

54.39 

9.27 

188.70 

13.85  1 

22.18 

138.38 

43.64 

6.85 

162.63 

17.16 

30.68 

70.22 

53.29 

9.58 

176.40 

17.42 

17.88 

114.08 

70.78 

5.70 

171.07 

8.65 

mean 

26.95 

110.50 

58.42 

9.75 

167.76 

13.58 

control 

45.63 

154.97 

124.71 

22.37 

316.70 

13.32 

p  value 

<0.01 

— 

<0.01 

x\ 

0 

0 

0 

t— 1 

<0.001 

— 

B.  Metabolites 


Thyroid 

Adrenal 

Lung 

Liver 

Spleen 

Kidney 

9.60 

3.85 

8.11 

1.25 

3.57 

13.63 

12.46 

6.45 

20.13 

1.20 

6.35 

20.97 

8.91 

5.62 

16.43 

1.37 

5.18 

24.39 

6.60 

4.00 

17.42 

1.04 

7.02 

22.23 

6.12 

2.08 

11.56 

0.89 

4.41 

8.35 

mean 

8.74 

4.40 

14.73 

1.15 

5.31 

17.91 

control 

11.98 

6.60 

21.86 

1.82 

7.64 

15.59 

p  value 

— 

<0.05 

<0.05 

<0.05 

V. 

— 

Results  are  expressed  as  dpm/mg  of  tissue.  14 

Cocaine,  10  mgAg,  '-P-/  15  minutes  before  injection  of  the  5-HT-C  ,  20|jc/kg 
Animals  killed  one  hour  later. 
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TABLE  X 


Effect  of  cocaine  (20  mg/kg)  on  the  concentration  of  labelled  serotonin 
and  metabolites  in  tissues  of  the  rat. 

A.  Serotonin 


Thyroid 

Adrenal 

Lung 

Liver 

Spleen 

Kidney 

18.18 

75.41 

45.25 

6.12 

128.46 

11.17 

11.30 

63.42 

30.37 

4.72 

72.58 

8.97 

14.73 

104.39 

25.35 

6.05 

93.86 

12.99 

20.00 

92.54 

47.78 

6.18 

117.85 

11.60 

25.66 

108.93 

32.25 

8.32 

125.97 

14.15 

22.85 

74.57 

28.65 

4.79 

118.26 

14.20 

mean 

18.79 

86.54 

34.94 

6.03 

109.50 

12.18 

control 

45.63 

154.97 

124.71 

22.37 

316.70 

13.32 

p  value 

<  0.001 

<0.05 

<0.001 

<0.001 

<0.001 

— 

B.  Metabolites 


Thyroid 

Adrenal 

Lung 

Liver 

Spleen 

Kidney 

6 . 00 

4.00 

9.38 

1.07 

6.50 

17.31 

5.09 

1.96 

9.18 

0.85 

3.13 

14.35 

2.73 

4.64 

9.89 

1.22 

3.23 

19.40 

6.00 

4.54 

9.18 

0.67 

2.39 

15.02 

8.16 

3.40 

11.52 

1.05 

2.81 

19.79 

3.14 

3.57 

8.79 

0.96 

2.46 

24.40 

mean 

5.19 

3.68 

9.66 

0.97 

3.42 

18.38 

control 

11.98 

6 . 66 

21.86 

1.82 

7.64 

15.59 

p  value 

<0.01 

<0.01 

<0.001 

<0.01 

<0.001 

— 

Results  are  expressed  as  dpm/mg  of  tissue.  14 

Cocaine,  20  mgAg,  '*P«/  15  minutes  before  injection  of  the  5-HT-C  ,  20/jcAg« 
Animals  killed  one  hour  later. 
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mouse  tissue  are  similar  to  the  results  obtained  with  5-HT-C^  .  The/  found  that 
reserpine  prevented  the  uptake  and  storage  of  radioactivity,  whereas  pretreatment 
with  cocaine  delayed  the  uptake  but  did  not  affect  the  storage. 

Phenelzine 

Ph  enelzine,  30  mg/kg,  given  intra-peritoneal ly  2  hours  before 

14 

the  5-HT-C  ,  increased  the  concentration  of  the  amine  in  the  thyroid  and 
spleen,  but  had  no  effect  in  the  adrenal  and  lung  (Table  XI).  The  ability  of 
the  drug  to  inhibit  the  degradating  enzyme  monoamine  oxidase,  is  indicated  by 
the  low  concentration  of  metabolites  in  all  tissues.  The  lung,  which  contains 
a  high  monoamine  oxidase  activity,  still  contained  some  metabolites,which 
suggests  that  the  enzyme  was  not  completely  inhibited  in  this  tissue.  McNeill 
and  Riedel  (132)  have  demonstrated  the  ability  of  the  drug  to  elevate  tissue 
levels  of  the  endogenous  serotonin  and  noradrenaline.  They  did  not  find  any 
change  in  the  endogenous  serotonin  in  the  lung  after  phenelzine,  and  suggested 
that  the  lung  tissue  may  serve  as  a  storage  site  for  serotonin  . 

In  control  animals,  the  lung  and  adrenal  gland  showed  a  high 
uptake  of  the  amine,  but  after  phenelzine,  no  increase  in  the  uptake  of  the 
amine  was  observed.  It  has  been  shown  that  after  inhibition  of  monoamine 
oxidase,  there  is  an  accumulation  of  relatively  inactive  endogenous  amines  with¬ 
in  the  tissues  (147).  After  such  treatment,  a  failure  of  sympathetic  transmission 
occurs,  and  an  increased  exercise  tolerance  has  been  observed  in  anginal 
patients  (148).  These  effects  have  been  attributed  to  displacement  of  the  normal 
transmitter  by  the  accumulated  amines  (149),  but  since  these  effects  take  a  con¬ 
siderable  time  to  occur  such  mechanisms  cannot  be  considered  to  explain  the 
results  observed  here. 
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TABLE  XI 

Effect  of  phenelzine  on  the  concentration  of  labelled  serotonin  and 
metabolites  in  tissues  of  the  rat. 

A.  Serotonin 


Thyroid 

Adrenal 

Lung 

Liver 

Spleen 

Kidney 

99.00 

124.00 

121.22 

10.42 

391.62 

9.36 

90.67 

181.12 

113.47 

19.50 

482.21 

14.76 

91.81 

212.53 

100.62 

15.59 

460.82 

13.23 

99.05 

151.89 

123.72 

24.09 

531.38 

9.19 

80.84 

141.73 

122.47 

23.08 

454.41 

10.87 

95.11 

176.60 

95.51 

14.56 

438.87 

15.81 

mean 

92.75 

164.64 

112.83 

17.87 

459.83 

12.20 

control 

45.63 

154.97 

124.71 

22.37 

316.70 

13.32 

p  value 

<  0.001 

— 

— 

— 

n 

<  0.001 

— 

B  Meta  bo 

ites 

Thyroid 

Adrenal 

Lung 

Liver 

Spleen 

Kidney 

0.00 

0.40 

7.80 

0.23 

2.89 

2.79 

0.38 

0.24 

9.71 

0.34 

2.32 

4.65 

2.85 

1.85 

2.52 

0.36 

3.55 

0 . 66 

2.67 

2.00 

9.16 

0.87 

5.19 

4.27 

2.53 

0.73 

8.56 

0.33 

3.68 

3.22 

3.11 

0.91 

5.06 

0.62 

2.11 

3.45 

mean 

1.92 

1.02 

7.13 

0.47 

3.29 

3.17 

control 

11.98 

6.66 

21.86 

1.82 

7.64 

15.59 

p  value 

<0.001 

<0.001 

<  0.001 

<0.001 

<0.001 

<0.001 

Results  are  expressed  as  dpm/mg  of  tissue.  ^ 

Phenelzine,  30  mg/kg,  i.p.,  2  hours  before  injection  of  the  5-HT-C  ,  20  jjc/kg. 
Animals  killed  one  hour  later. 
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Guanefhidine 

The  effects  of  guanefhidine,  20  mg/kg  administered  intra- 
peritoneal  ly,  on  the  tissue  concentrations  of  the  radioactive  amine  and  meta¬ 
bolites  are  shown  in  Table  XII.  The  levels  of  the  amine  were  reduced  in  most 
tissues,  particularly  in  the  lung  and  spleen.  Other  tissues  were  affected  to  a 
lesser  degree  and  there  was  no  change  in  the  thyroid  and  kidney.  The  meta¬ 
bolite  levels  were  unchanged  compared  to  control  animals.  Guanefhidine  has 
been  shown  to  release  noradrenaline  from  peripheral  sites  (150),  and  to  release 
serotonin  from  the  intestine  (151).  Magus,  Krause  and  Riedel  (152)  reported 
that  guanefhidine,  5  mg/kg,  caused  a  reduction  in  the  endogenous  serotonin 
of  the  thyroid  gland,  but  in  the  present  work,  guanefhidine  did  not  prevent  the 
uptake  of  the  exogenous  amine  into  the  thyroid. 

Investigation  of  the  mechanism  of  action  of  guanefhidine  has 
been  largely  confined  to  its  effects  on  the  catecholamines.  Hertting,  Axelrod 
and  Patrick  (153)  found  that  the  drug  prevented  the  uptake  of  tritiated 
noradrenaline  into  sympathetically  innervated  organs.  This  action,  together 
with  other  evidence  suggested  that  guanefhidine  acted  by  a  persistent  stimu¬ 
lation  of  sympathetic  nerves  thus  depleting  the  level  of  the  normal  transmitter 
substance.  The  actual  mechanism  of  this  depletion  has  remained  obscure  for 
some  time,  but  recent  studies  by  Boullin, Costa  and  Brodie  (154)  have  shown  that 
guanefhidine  can  be  taken  up  by  the  cat  colon  and  be  released  by  sympathetic 
nerve  stimulation.  These  investigators  stated  that  the  action  of  guanefhidine 
could  be  explained  by  the  false  transmitter  concept.  Brodie,  Chang  and  Costa 
(155)  proposed  that  guanefhidine  shared  a  common  storage  mechanism  to  that  of 
the  catecholamines  in  the  heart.  It  is  conceivable,  therefore,  that  in  the  pre¬ 
sent  work,  guanefhidine  reduced  the  tissue  levels  of  serotonin  by  a  displacement 
mechanism . 
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TABLE  XII 

Effect  of  gucmethidine  on  the  concentration  of  labelled  serotonin  and 
metabolites  in  tissues  of  the  rat0 

A.  Serotonin 


Thyroid 

Adrenal 

Lung 

Liver 

Spleen 

Kidney 

33.18 

65.09 

53.95 

11.14 

207.26 

13.41 

49.33 

88.27 

50.41 

10.98 

243.73 

10.05 

30.00 

81.28 

40.65 

14.31 

255.11 

12.10 

43.42 

81.27 

39.33 

10.82 

197.87 

17.05 

34.94 

89.43 

49.53 

12.91 

229.91 

15.13 

47.11 

73.00 

50.81 

13.21 

208.52 

9.93 

mean 

39.66 

79.67 

47.45 

12.23 

223.73 

12.94 

control 

45.63 

154.97 

124.71 

22.37 

316.70 

13.32 

p  value 

— 

<0.05 

<0.01 

<<0.05 

<0.001 

.  — 

B  Metabolites 


Thyroid 

Adrenal 

Lung 

Liver 

Spleen 

Kidney 

17.95 

5.73 

18.52 

1.28 

6.13 

14.78 

19.00 

4.07 

13.09 

0.69 

6.31 

10.85 

12.95 

3.68 

22.51 

1.56 

8.63 

16.86 

12.65 

4.73 

12.96 

1.69 

5.29 

26.76 

14.25 

8.28 

19.58 

0.85 

5.40 

21.11 

15.33  , 

4.75 

12.23 

1.81 

5.16 

12.76 

mean 

15.35 

5.21 

16.48 

1.31 

6.15 

17.19 

control 

11.98 

6 . 66 

21.86 

1.82 

7.64 

15.59 

p  value 

— 

— 

— 

— 

— 

— 

Results  are  expressed  as  dpm/mg  of  tissue.  14 

Guanethidine,  20  mg/kg,  '-P-/  15  minutes  before  injection  of  the  5-HT-C  , 

20 yjc/kg.  Animals  killed  one  hour  later. 
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Alpha  Methyldopa 

The  effects  of  alpha  methyldopa,  100  mg/kg,  administered  30 
minutes  before  the  5-HT-C^  ,  on  the  tissue  levels  of  the  amine  are  shown  in 
Table  XIII .  The  drug  did  not  produce  any  change  in  the  levels  of  the  injected 
amine  or  the  metabolites  in  all  of  the  tissues  studied.  In  contrast,  alpha  methyl¬ 
dopa  and  other  analogues  of  noradrenaline  are  known  to  reduce  the  tissue  levels 
of  the  endogenous  amines.  Serotonin  levels  are  only  transiently  depressed,  where¬ 
as  the  noradrenaline  levels  are  reduced  for  several  days  (60).  It  has  also  been 
shown  that  alpha  methyldopa  reduced  the  endogenous  serotonin  of  the  thyroid 
gland  (152) . 

Alpha  methyldopa  does  not  appear  to  influence  the  uptake  and 
storage  mechanism,  and  Sharman  and  Smith  (157)  found  no  evidence  for  the  re¬ 
lease  of  endogenous  brain  serotonin  by  the  drug.  The  effect  of  alpha  methyldopa 
on  the  endogenous  amines  was  originally  thought  to  be  due  to  an  inhibition  of  the 
decarboxylase  enzymes,  resulting  in  the  reduced  formation  of  the  amines.  When 
this  hypothesis  was  found  to  be  inadequate,  e.g.  the  dopamine  levels  returned 
to  normal  before  the  noradrenaline  levels  were  restored,  it  was  suggested  that  the 
drug  may  have  some  direct  depleting  action  on  the  amine  stores.  The  results 
obtained  in  the  present  work  do  not  support  this  suggest  as  regards  serotonin  . 
Although  the  serotonin  depletion  can  be  partly  explained  in  terms  of  decarboxylase 
inhibition,  the  fall  in  noradrenaline  stores  appears  to  be  due  to  displacement  by 
the  hydroxy lated  decarboxy lated  product  of  alpha  methyldopa  (156). 

Lysergic  Acid  Diethylamide 

The  effects  of  lysergic  acid  diethylamide  (LSD),  on  the  uptake  and 
distribution  of  5-HT-C1^  are  shown  in  Table  XIV.  The  drug  was  administered  15 
minutes  before  the  amine  at  a  dose  of  1  mg/kg-  A  significant  fall  in  the  amine 
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TABLE  XIII 

Effect  of  alpha  methyldopa  on  the  concentration  of  labelled  serotonin  and 
metabolites  in  tissues  of  the  rat. 

A.  Serotonin 


Thyroid 

Adrenal 

Lung 

Liver 

Spleen 

/Kidney 

55.62 

187.17 

108.83 

14.50 

320.93 

20.01 

45.23 

150.58 

123.76 

24.97 

289.23 

17.18 

50.66 

160.00 

123.16 

22.64 

315.62 

13.13 

36.88 

160.38 

111.94 

22.71 

321.80 

14.95 

40.80 

109.23 

67.20 

11.88 

298.83 

30.46 

mean 

45.64 

153.47 

106.98 

19.34 

309. 28 

19.27 

control 

45.63 

154.97 

124.71 

22.37 

316.70 

13.32 

p  value 

— 

— 

— 

— 

— 

_ 

Metabolites 

Thyroid 

Adrenal 

Lung 

Liver 

Spleen 

Kidney 

19.81 

9.14 

16.80 

1.47 

7.67 

21.18 

16.23 

8.23 

19.04 

2.10 

6.69 

24.27 

11.73 

8.67 

22.20 

1.02 

7.13 

13.01 

15.56 

4.13 

14.18 

1.70 

6.17 

15.36 

15.60 

— 

5.61 

1.10 

9.27 

4.96 

mean 

15.79 

7.54 

15.57 

1.48 

7.39 

15.76 

control 

11.98 

6.66 

21.86 

1.82 

7.64 

15.59 

p  value 

— 

— 

— 

— 

— 

— 

Results  are  expressed  as  dpm/mg  of  tissue.  ^ 

Alpha  methyldopa,  100  mg/kg,  '-P 30  minutes  before  injection  of  the  5-HT-C  , 
20  ^ic/kg.  Animals  killed  one  hour  later. 
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Effect  of  LSD  on  the 
in  tissues  of  the  rat. 

A.  Serotonin 


TABLE  XIV 

concentration  of  labelled  serotonin  and  metabolites 


I 


Thyroid 

Adrenal 

Lung 

Liver 

Spleen 

Kidney 

22.26 

40.74 

53.61 

7.78 

157.00 

15.05 

31.50 

94.51 

49.37 

10.60 

228.74 

13.96 

21.50 

101.33 

57.93 

8.81 

203.00 

11.74 

20.80 

94.54 

79.50 

13.51 

216.62 

14.13 

29.33 

79.74 

74.21 

17.39 

212.66 

15.35 

18.91 

83.72 

43.08 

7.85 

170.72 

12.22 

mean 

24.05 

82.43 

59.62 

10.99 

198.12 

13.74 

control 

45.63 

154.97 

124.71 

22.37 

316.70 

13.32 

p  value 

<0.001 

<0.05 

<0.01 

<0.05 

<0.001 

— 

B.  Metabolites 


Thyroid 

Adrenal 

Lung 

Liver 

Spleen 

Kidney 

6.96 

5.33 

35.72 

1.60 

5.12 

24.42 

11.25 

8.22 

o>  • 

26.31 

1.34 

8.68 

19.65 

22.25 

11.92 

24.82 

1.23 

10.92 

19.82 

8.20 

5.02 

24.69 

1.22 

3.52 

20 . 66 

10.47 

5.74 

27.78 

1.49 

2.34 

22.43 

7.09 

3.37 

33.95 

1.46 

4.53 

18.11 

mean 

11.04 

6 . 60 

28.88 

1.39 

5.85 

20.85 

control 

11.98 

6 . 66 

21.86 

1.82 

7.64 

15.89 

p  value 

— 

— 

<0.05 

— 

— 

<0.05 

Results  are  expressed  as  dpm/mg of  tissue.  14  . 

LSD,  1  mg/kg,  i.p.,  15  minutes  before  injection  of  the  5-HT-C  ,  20  ^jc/kg 
Animals  killed  one  hour  later. 
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content  of  the  thyroid  and  adrenal  glands,  lung,  liver  and  spleen  was  observed. 
There  was  no  change  in  the  concentration  of  metabolites  in  most  tissues,  except 
in  the  lung  and  kidney.  LSD  is  known  to  be  a  potent  serotonin  antagonist  both 
in  peripheral  and  central  effects  of  the  amine  (12,36).  This  antagonism  has  been 
attributed  to  a  direct  competitive  action  for  the  serotonin  receptor.  The  results 
obtained  in  the  present  work  suggest  that  LSD  can  compete  for  the  serotonin  at 
the  storage  sites.  Axelrod  et  al.  (145)  found  that,  although  LSD  prevented  the 
uptake  of  5-HT-C^  in  the  heart,  it  did  not  affect  the  tissue  concentration  of 
the  amine  in  the  spleen. 
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From  the  results,  it  is  clear  that  marked  differences  exist  in  the 
rate  of  uptake,  extent  of  uptake  and  the  rate  of  release  of  the  exogenously 
administered  5-HT-C^  in  the  tissues  of  the  rat.  These  variations  indicate  the 
presence  of  a  definite  binding  storage  mechanism  and  not  simply  a  non-specific 
tissue  absorption.  If  the  latter  were  operating,  these  marked  differences  would 
not  be  expected  to  exist.  The  question  then  arises  as  to  what  type  of  cell,  and 
which  subcellular  components  are  responsible  for  binding  the  amine.  There  are 
two  cell  types  common  to  several  tissues  which  could  be  involved,  and  their 
possible  contribution  to  the  tissue  content  of  the  amine  are  discussed  first. 

These  are  the  mast  cells  and  the  platelets. 

In  the  rat,  the  mast  cells  have  been  shown  to  contain  not  only 
histamine  and  heparin,  but  also  serotonin  (21).  Parratt  and  West  (23)  demon¬ 
strated  that  the  skin  of  the  rat  contained  50%  of  the  total  serotonin  in  the  rat 
body,  but  whereas  the  serotonin  was  mainly  in  the  outer  layer  of  the  skin,  the 
mast  cells  were  found  to  be  concentrated  in  the  inner  layer.  They  suggested  that 
some  of  the  serotonin  may  not  be  in  the  mast  cells,  and  further  studies  were  per¬ 
formed,  using  drugs,  to  elucidate  the  relationship  between  the  serotonin  and  the 
mast  cells  (24).  Compound  48/80  and  polymixin  B  disrupted  mast  cells  and  re¬ 
leased  histamine  without  the  simultaneous  release  of  the  serotonin  .  With  reser- 
pine,  the  serotonin  was  depleted  with  little  effect  on  the  histamine  content. 

They  concluded  that  it  was  unlikely  that  the  tissue  mast  cells  of  the  rat  contained 
any  appreciable  quantity  of  serotonin. 

Snyder  et  al  .  investigated  the  mast  cell  involvement  in  the  uptake 

14 

of  5-HT-C  in  the  uterus  and  spleen  of  the  rat  (139).  Compound  48/80  was  given 
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in  a  rigorous  dosage  schedule  at  8  hour  intervals  for  3  days  before  the  amine, 
and  there  was  found  to  be  no  reduction  in  the  tissue  5-HT-C^  levels  in  the 
uterus  and  spleen  .  They  also  reported  the  uptake  of  the  labelled  amine  by  the 
rat  skin  to  be  negligible.  It  does  appear,  therefore,  that  the  mast  cells  are  not 
primarily  responsible  for  the  5-HT-C^  levels  in  the  various  tissues. 

Although  neoplastic  mast  cells  of  the  rat  have  been  shown  to  be 
capable  of  taking  up  serotonin  (158),  the  normal  mast  cells  do  not  appear  to  have 
this  capacity.  Furano  and  Green  (159)  did  not  accept  this  difference  and  on 
further  investigation  of  the  problem  reported  that  normal  mast  cells  were  also 
capable  of  taking  up  the  amine,  in  vivo  and  in  vitro.  Reserpine  is  known  to 
deplete  most  tissue  stores  of  serotonin,  but  it  has  been  shown  that  the  mast  cell 
serotonin  is  resistant  to  the  action  of  the  drug  (160).  Moran  and  Westerholm  (161) 
studied  the  action  of  reserpine  on  rat  peritoneal  mast  cells  in  vivo  and  in  vitro. 

In  vitro,  reserpine  had  no  action  in  depleting  the  amine,  and  in  vivo,  the  re¬ 
sults  were  inconclusive;  a  reduction  in  the  total  number  of  mast  cells  occurred 
with  a  slight  reduction  in  the  amine  content  of  each  cell.  They  concluded  that 
reserpine  had  only  a  negligible  effect  on  mfast  cell  serotonin  in  vivo.  In  contrast, 
Carlini,  Fischer  and  Giarman  (162)  found  reserpine  to  reduce  the  level  of  sero¬ 
tonin  in  neoplastic  mast  cells  in  vitro. 

In  view  of  the  marked  depleting  action  of  reserpine  on  the  tissue 
concentration  of  5-HT-C^  in  the  present  work,  it  would  appear  from  the  pre¬ 
vious  discussion  that  the  amine  was  not  taken  up  into  the  tissue  mast  cells  of  the 
rat.  Reserpine  would  be  expected  to  produce  no  marked  reduction  in  the  con¬ 
centration  of  the  amine  in  the  tissues  if  the  amine  were  present  in  the  mast  cells. 
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Although  the  concensus  of  opinion  is  that  the  majority  of  the 
tissue  serotonin  of  rats  is  not  contained  in  the  tissue  mast  cells,  it  is  not  clear 
to  what  extent  the  amine  is  stored  in  these  cells.  Adams-Ray,  Dahlstrom,  Fuxe 
and  Hi  Harp  (163)  have  investigated  the  existence  and  significance  of  local 
monoamine  stores  particularly  in  the  skin.  Using  the  sensitive  histochemical 
fluorescence  technique,  it  was  shown  that  the  mast  cells  of  rats  and  mice  pro¬ 
duced  an  intense  yellow  fluorescence  indicating  the  presence  of  serotonin, 
while  in  the  hamster  and  rabbit  a  weak  green  fluorescence  occurred  suggesting 
the  presence  of  a  catecholamine.  The  guinea  pig  mast  cells  showed  no  fluores¬ 
cence.  They  concluded  that  the  so  called  "mast  cell"  represents  a  hetero¬ 
geneous  group  of  cells.  Some  contain  no  monoamine,  while*  others  contain  a 
monoamine  which  varies  from  species  to  species.  It  is  possible,  therefore,  that 
the  different  types  of  mast  cells  will  be  shown  to  have  different  properties  with 
respect  to  drugs,  and  this  should  explain  some  of  the  conflicting  results  con¬ 
cerning  the  mast  cells  of  rats  and  mice. 

The  thyroid  and  adrenal  glands  and  the  lung  showed  a  rapid 
accumulation  of  the  5-HT-C ^  but  in  the  spleen,  the  amine  was  taken  up 
slowly  although  it  reached  much  higher  levels  after  one  hour.  The  slow  rise 
of  the  activity  in  the  spleen  has  been  attributed  to  the  normal  gradual  accu¬ 
mulation  of  the  blood  platelets.  The  blood  platelets  are  known  to  contain  con¬ 
siderable  quantities  of  endogenous  serotonin  in  many  species.  In  the  rat 
0.3;ug/10^  platelets  has  been  reported  (164).  It  has  been  mentioned  that  the 
mast  cells  are  capable  of  synthesis  of  serotonin,  but  do  not  appear  to  have  the 
capacity  to  take  up  the  circulating  amine.  On  the  other  hand,  studies  by 
Clark,  Weissbach  and  Udenfriend  (108)  have  demonstrated  that  the  platelets 
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are  not  capable  of  synthesising  the  amine  and  must  therefore  take  up  the  amine 
while  circulating  through  other  parts  of  the  body.  Toh  (166)  has  suggested  that 
such  uptake  occurs  while  the  platelets  are  circulating  through  the  intestinal 
region,  where  the  majority  of  the  serotonin  is  found  in  the  enterochromaffin  cells. 
Using  isolated  platelets,  it  has  been  shown  that  these  blood  elements  have  a  re¬ 
markable  capacity  to  take  up  serotonin  from  a  surrounding  medium.  The  uptake 
occurs  against  a  concentration  gradient,  is  inhibited  by  metabolic  inhibitors  and 
has  been  attributed  to  an  energy  requiring  process  (167).  The  ability  of  the 
platelets  to  take  up  serotonin  is  associated  with  the  presence  of  ATP.  ATP  is 
considered  to  provide  the  energy  for  the  active  uptake  and  to  be  responsible  for 
binding  the  serotonin  within  the  platelets.  This  is  of  particular  interest  in  view 
of  the  finding  in  the  present  experiments  that  the  adrenal  gland  took  up  large 
quantities  of  the  amine.  The  adrenal  contains  ATP  which  is  thought  to  be 
associated  with  the  storage  of  the  normal  adrenal  monoamines. 

Evidence  that  the  splenic  serotonin  may  be  the  result  of  the 
contained  blood  elements  has  been  provided  by  the  studies  of  Toh  (168).  It  was 
shown  that  alkaline  extracts  from  mammalian  tissues,  especially  the  kidney  and 
stomach  mucosa,  could  accelerate  the  release  of  serotonin  and  histamine  from 
platelets  in  vitro.  When  given  intra-peritoneally  for  3  days  these  extracts  were 
found  to  deplete  the  serotonin  content  of  the  rat  spleen  .  Fractionation  studies 
of  splenic  homogenates  after  injection  of  5-HT-C^  showed  the  majority  of  the 
amine  to  be  present  in  the  platelet  fraction  (139).  In  the  uterus  on  the  other 
hand,  most  of  the  amine  was  found  to  be  present  in  the  supernatant,  suggesting 
that  the  uterine  5-HT-C^  was  not  in  the  contained  blood  elements.  Guanethidin 
has  been  shown  to  lower  the  platelet  serotonin  in  vitro  (164),  but  only  when 
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present  in  high  concentration.  Since,,  in  the  present  work,  guanethidine  was 
found  to  lower  the  activity  in  most  tissues,  it  is  doubtful  whether  the  5-HT-C^ 
content  of  the  tissues  was  the  result  of  that  contained  in  the  platelets.  In  the 
autoradiographic  studies  of  Ritzen  et  al.  (136)  a  marked  uptake  of  the  amine 
by  the  spleen  was  observed.  They  suggested  that  this  was  probably  due  to  the 
fact  that  most  of  the  platelets  left  the  circulation  in  this  organ,  but  also  pro¬ 
posed  that  some  of  the  amine  may  be  taken  up  into  the  rich  adrenergic  inner¬ 
vation  of  the  tissue . 


The  marked  uptake  and  prolonged  retention  of  5-HT-C^  in  the 
adrenal  gland  of  the  rat  was  unexpected  and  deserves  comment.  Garattini  and 
Valzelli  (34)  have  indicated  the  absence  of  endogenous  serotonin  in  the 
adrenal  glands,  and  in  the  present  work  no  serotonin  was  detected  in  the  pooled 
glands  from  4  rats  when  extracted  and  assayed  by  the  spectrophotoflqorimetric 


m 


ethod.  Ritzen  et  al .  also  observed  the  ability  of  the  adrenal  glands  to  take  up 
5-HT-C^  and  5-HTP-C^  when  these  compounds  were  injected  into  rats  and  mice 
and  the  distribution  followed  by  an  autoradiographic  technique  (136)  .  The 
characteristic  "amine  pattern"  described  by  Ritzen  appeared  more  slowly  after 
treatment  with  the  precursor.  The  fact  that  5-HTP  is  capable  of  being  converted 
to  the  amine  and  being  stored  in  the  adrenal  gland  has  been  shown  by  the  studies 
of  Bertler  et  al.  (137).  These  observations  indicate  not  only  the  well  known  lack 
of  specificity  of  the  decarboxylase  enzymes,  but  also  a  lack  of  specificity  in  the 
storage  mechanism. 
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Using  isolated  medullary  granules,  Carlsson,  Hillarpand 

Waldeck  (165, 169)  have  made  a  careful  study  of  the  characteristics  of  the  amine 

uptake.  Granules  were  isolated  from  bovine  adrenal  gland  and  incubated  with 

radioactive  amines.  The  influence  of  various  factors  on  the  uptake  mechanism 

was  studied.  ATP  and  Mg  ions  were  found  to  be  required;  the  Mg  could  be 

replaced  by  Mn  but  not  by  Ca  .  Serotonin  was  found  to  be  taken  up  by  a 

similar  mechanism  to  that  found  for  the  catecholamines,  and,  in  fact,  the  granules 

exhibited  a  higher  affinity  for  the  serotonin  than  for  the  other  amines.  The 
++ 

Mg  -ATP  dependent  uptake  mechanism  was  found  to  be  highly  sensitive  to  re- 
serpine.  In  the  present  work,  reserpine  produced  a  marked  reduction  in  the  tissue 
levels  of  the  labelled  amine.  There  was  less  reduction  in  the  level  of  metabolites. 
Thus,  although  the  storage  mechanism  is  blocked  by  reserpine,  the  amine  can  still 
enter  the  storage  granule,  although  it  is  not  retained.  It  is  of  interest  to  note 
in  the  work  of  Carlsson  et  al ,  (169)  that  the  inhibitory  action  of  reserpine  on 
the  uptake  mechanism  was  partially  overcome  by  increasing  the  concentration  of 
the  amine  in  the  incubation  fluid.  This  provides  an  explanation  for  the  action 
of  monoamine  oxidase  inhibitors  in  reversing  the  action  of  reserpine,  and  in 
partially  preventing  the  reduction  in  serotonin  levels  following  reserpine  (53). 

Von  Euler  and  Lishajko  (170)  have  isolated  bovine  adrenergic 

granules  from  the  spleen  and  have  conducted  similar  studies  to  those  described 

above.  These  granules  show  similar  characteristics  to  those  obtained  from  the 

++ 

adrenal  medulla,  with  a  Mg  -ATP  dependent  uptake  mechanism  which  was 

found  to  be  inhibited  by  reserpine.  The  spleen  has  a  high  sympathetic  in- 

14 

nervation,  and  although  the  majority  of  the  5-HT-C  was  probably  located  in 
the  platelets  as  already  discussed,  some  may  have  been  taken  up  into  the 
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sympathetic  nerve  endings.  This  could  have  occurred  to  some  extent  in  all  of 
the  tissues  studied . 

The  absence  of  endogenous  serotonin  in  the  adrenal  gland  raises 
certain  questions  with  regard  to  the  existence  of  free  circulating  serotonin  in  the 
plasma.  Since  it  has  been  shown  in  the  present  work  that  the  adrenal  gland  has 
a  marked  affinity  for  the  amine,  and  the  isolated  granules  have  been  shown  to 
readily  take  up  the  amine,  it  is  difficult  to  understand  why  the  gland  does  not 
take  up  the  amine  from  the  plasma,  if  the  free  amine  does  exist.  The  possible 
existence  of  the  free  amine  has  interested  experimenters  for  some  time.  Where 
low  values  have  been  reported  they  have  been  attributed  to  disruption  of  plate¬ 
lets  during  the  collection  of  the  blood  (19).  Crawford  (20)  howevei^has  re¬ 
ported  the  presence  of  19  ng/ml  of  serotonin  in  the  plasma,  and  has  stated  that 
"it  is  believed  that  low  levels  (0-30  ng/ml)  of  free  serotonin  may  exist  normally 
in  plasma  and  are  not  simply  a  function  of  variable  technique  and  unavoidable 
platelet  rupture  during  the  preparation  of  the  specimen.  The  fact  that  frequently 
levels  below  3  ng/ml  (the  sensitivity  limit  of  the  methods  used)  were  encountered 
in  the  presence  of  high  platelet  serotonin  contents  suggests  that  no  platelet  break¬ 
down  occurs  during  the  preparatory  steps  in  the  assay  and  that  when  present, 
plasma  free  serotonin  is  a  valid  fraction  of  the  total  blood  serotonin  .  This 
fraction,  circulating  unassociated  with  the  platelets,  may  be  the  active  form  of 
the  hormone  and  have  an  importance  as  yet  unrecognised."  (171). 
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Cn  an  investigation  ©f  the  platelet  bound  and  plasma  free  sero¬ 
tonin  of  normal  subjects  and  patients  with  non-carcinoid  malignant  conditions, 
no  difference  was  observed  in  the  platelet  serotonin  between  the  two  groups  (171), 
In  patients  with  lung  cancer,  there  was  an  elevation  of  free  serotonin,  while  in 
patients  with  a  lower  intestinal  tumour,  there  was  a  lower  level  of  free  serotonin. 
In  the  carcinoid  syndrome,  high  levels  of  free  and  platelet  bound  serotonin  have 
been  reported  (172),  and  it  is  interesting  to  speculate  whether  these  patients 
would  show  a  significant  uptake  of  the  free  amine  into  the  adrenal  gland.  If 
this  did  occur,  the  peculiar  periodic  symptoms  of  carcinoidosis  could  be  the 
result  of  sympathetic  activity,  causing  the  release  of  large  quantities  of  sero¬ 
tonin  from  the  adrenal  medulla  into  the  circulation. 

The  lung  is  known  to  contain  endogenous  serotonin  and  also 
showed  a  marked  uptake  of  the  injected  5-HT-C  .  The  storage  site  does  not 
appear  to  be  the  mast  cell  since  no  correlation  was  found  between  the  high 
endogenous  serotonin  level  and  the  sparse  mast  cell  population  (23),  In  the 
present  work,  phenelzine  did  not  produce  the  expected  elevation  of  the 
5-Hr-C14  levels  in  this  tissue,  although  monoamine  oxidase  was  inhibited  as 
suggested  by  the  low  levels  of  the  metabolites.  Phenelzine  has  also  been  shown 
not  to  elevate  the  endogenous  serotonin  levels  of  the  lung  after  inhibition  of 
monoamine  oxidase  (132),  The  role  of  the  lung  in  serotonin  metabolism  appears 
to  be  different  from  that  observed  in  other  tissues.  It  has  been  suggested  that 
synthesis  may  be  slow  or  non-existent  in  the  lung,  and  that  this  tissue  may  serve 
merely  as  a  storage  site  for  the  amine  (132) ,  The  abi  lity  of  the  lung  to  remove 
circulating  serotonin  on  perfusion  has  been  known  for  a  number  of  years  (173), 
and  the  fact  that  in  the  carcinoid  syndrome  the  characteristic  endocardial 
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lesions  are  right-sided  (174)  suggests  that  the  lung  has  a  unique  capacity  to 
destroy  or  remove  the  amine  while  passing  through  the  pulmonary  circulation. 
Recent  in  vivo  studies  by  Davis  and  Wang  (175)  have  shown  the  removal  of 
serotonin  by  the  lung.  It  was  found  that  33%  of  the  circulating  amine  was 
rapidly  removed.  Previous  administration  of  phenelzine  had  no  effect  on  the 
removal  of  the  amine.  St  thus  appears  that  monoamine  oxidase  plays  little 
part  in  the  removal  of  circulating  serotonin,  although  oxidative  deamination 
of  the  amine  by  the  lung  tissue  has  been  shown  to  occur  (176). 


The  thyroid  gland  contains  high  levels  of  endogenous  serotonin 
and  was  found  to  take  up  and  store  5-HT-C^  after  intravenous  administration  . 
The  significance  of  serotonin  in  the  thyroid  depressant  action  of  reserpine  has 
been  investigated  by  Magus  (135),  No  evidence  was  obtained  for  the  direct 
involvement  of  the  thyroidal  serotonin  in  this  action,  and  it  was  concluded 
that  the  central  release  by  reserpine  of  ACTH  caused  a  reduction  in  the  TSH 
output  from  the  anterior  pituitary  gland,  which  resulted  in  a  reduced  level  of 
thyroid  activity.  Ritzen  et  al.  (136)  noted  the  high  uptake  by  the  thyroid  of 
5-HT-C^,  and  by  microautoradiography  found  the  amine  to  be  located  in  the 
parafollicular  cells  and  not  in  the  mast  cells  (136).  The  parafollicular  cells 
have  a  high  degree  of  innervation  and  serotonin  may  be  involved  in  the  modu¬ 
lation  of  thyroid  activity. 


It  is  of  interest  to  consider  the  observed  effects  of  the  drugs  on 
the  tissue  concentration  of  the  5-HT-C^  with  recent  work  concerning  the 
mechanisms  of  action  of  these  drugs  at  the  cellular  level.  Early  theories  con¬ 
cerning  the  central  depressant  action  of  reserpine  claimed  that  the  drug  released 
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the  amine  from  its  storage  sites  and  presented  to  the  brain  tissue  a  persistent  low 
concentration  of  the  amine  which  produced  the  pharmacological  effect.  Studies 
on  peripheral  neurones  have  shown  that  after  reserpine  there  is  a  failure  of  sym¬ 
pathetic  transmission  (177).  This  effect  h  as  been  explained  in  terms  of  the  de¬ 
pletion  of  the  transmitter  substance  by  reserpine.  There  is  no  reason  why  this 
simple  concept  should  not  be  applied  to  neural  transmission  in  the  central  nervous 
system.  It  is  not  the  level  of  the  transmitter  substance  which  is  important  in 
neural  transmission  but  the  storage  function.  Even  if  the  level  of  the  amine  is 
low,  provided  the  storage  capacity  is  present  so  that  sufficient  of  the  amine  is 
at  the  nerve  ending  to  be  released  by  a  nerve  Impulse,  then  there  will  be  no 
block  of  nerve  transmission.  Lundborg  (178)  has  shown  that  adrenal  medullary 
granules  from  reserpinised  rabbits  can  take  up  labelled  catecholamines 
while  the  adrenal  medulla  was  still  virtually  depleted  of  the  amines.  Re¬ 
storation  of  storage  function  preceded  the  amine  levels.  There  appears  to  be 
a  closer  correlation  between  the  sedative  action  of  reserpine  and  the  capacity 
to  store  the  amines,  rather  than  the  total  amine  levels. 

The  h istochemical  fluorescence  studies  have  enabled  much 
progress  to  be  made  in  the  understanding  of  the  mechanisms  of  drug  action  at 
the  neuronal  level.  It  has  been  shown  that  exogenous  noradrenaline  can  be 
taken  up  by  the  adrenergic  nerves,  and  that  there  are  at  least  two  uptake  con¬ 
centration  mechanisms  for  the  catecholamines  in  the  adrenergic  nerves.  The 
Mg"**  -  ATP  dependent  mechanism  is  situated  in  the  amine  storage  granule  and 
is  markedly  inhibited  by  reserpine.  The  other  uptake  mechanism  is  probably 
located  in  the  cell  membrane  over  the  whole  neurone  and  appears  to  be  sensitive 
to  the  action  of  cocaine,  imipramine,  and  guanethidine,  but  it  is  not  affected 
by  reserpine  (179) . 
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1  .  A  method  was  developed  for  the  extraction  and  estimation  of 

labelled  serotonin  and  labelled  metabolites  of  serotonin,  from 
the  tissues  of  the  rat.  The  method  was  evaluated  and  found  to  be 
specific  and  reproducible. 

2.  The  concentration  of  5-HT-C^  and  labelled  metabolites  in  the 
thyroid,  adrenal,  lung,  liver,  spleen,  kidney  and  plasma  were 
determined  at  various  time  intervals  after  injection  of  the  5-HT-C^  , 
20^ic/kg,  into  the  tail  vein  of  the  rat. 

3.  Most  tissues  studied  were  found  to  rapidly  take  up  the  5-HT-C^ 
although  to  varying  degrees.  Thyroid, adrenal,  lung  and  spleen 
showed  the  greatest  uptake. 

4.  The  adrenal  gland,  in  which  no  endogenous  serotonin  could  be 
detected,  was  found  to  take  up  large  quantities  of  5-HT-C^. 

The  significance  of  this  finding  is  discussed  with  respect  to  the 
presence  of  free  plasma  serotonin,  particularly  in  the  carcinoid 
syndrome . 

5.  The  influence  of  reserpine,  imipramine,  cocaine,  phenelzine, 

alpha  methyldopa,  guanethidine  and  LSD,  administered  at 

specific  times  before  the  5-HT-C^,  was  studied  on  the  tissue 

concentrations  of  the  amine  and  metabolites.  The  tissues  were 

14 

examined  one  hour  after  the  injection  of  the  5-HT-C 

6.  Reserpine,  imipramine,  cocaine,  guanethidine  and  LSD  were 

14 

found  to  reduce  the  concentration  of  5-HT-C  in  the  tissues. 

Alpha  methyldopa  had  no  effect.  Cocaine  markedly  reduced  the 
concentration  of  labelled  metabolites  in  the  tissues,  whereas 
imipramine,  guanethidine  and  alpha  methyldopa  produced  no  change. 
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7.  The  monoamine  oxidase  inhibitor,  phenelzine,  elevated  the 

14 

5-HT-C  levels  in  the  thyroid  and  spleen,  but  not  in  the  lung 
and  adrenal.  The  enzyme  was  inhibited  as  shown  by  the  low 
levels  of  metabolites  in  all  tissues.  The  function  of  the  lung  in 
the  removal  of  circulating  serotonin  is  discussed. 

8.  The  influence  of  the  drugs  on  the  tissue  concentrations  of  the 
radioactive  amine  is  discussed  in  relation  to  recent  knowledge 
concerning  the  mechanism  of  action  of  these  drugs.  The  bio¬ 
logical  significance  of  serotonin  as  a  neurochemical  transmitter 
in  the  central  nervous  system  is  considered. 

9.  There  is  now  considerable  evidence  to  suggest  that  serotonin 
may  act  as  a  peripheral  neurotransmitter  in  molluscs.  It  is 
suggested  that  critical  experiments  could  be  conducted  in  this 
species  to  examine  the  influence  of  these  drugs  on  a  serotonin- 
mediated  neurone.  Such  information  could  lead  to  a  better 
understanding  of  the  effects  of  these  drugs  on  the  serotonin  in 
the  mammalian  central  nervous  system. 
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